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Over the past half a century, considerable effort has been dedicated to the development of 
universal newborn hearing screening (UNHS) programs across the United States. Newborn 
hearing screenings have progressed from subjective assessments performed only on at-risk 
neonates to highly sensitive objective methods of screening auditory sensitivity in nearly all 
newborns in the country. The Joint Committee on Infant Hearing (JCIH, 2007), National 
Institutes of Health (NIH, 1993) and the American Speech-Language-Hearing Association 
(ASHA, 2004) all support the use of either otoacoustic emission (OAE) or automated auditory 
brainstem response (ABR) for UNHS. Because OAE testing only assesses cochlear function, 
ABR testing remains the gold standard for evaluating the functioning of the peripheral and 
central auditory system (i.e., to the level of the brainstem). Historically, ABRs have been evoked 
using a broadband click stimulus or tone burst stimuli. The click stimulus has been advocated for 
both neuro-diagnostic and newborn hearing screening applications. Recently, a chirp stimulus 
was developed to maximize the temporal synchronization of the responses from the underlying 
neural components. Researchers have shown that this increased synchrony produces larger 
amplitude ABRs in both adults and infants, even at low intensity levels, potentially reduces test 
time, and is comparable to the “stacked” ABR. To date, however, few researchers have 
investigated the effects of manipulating multiple stimulus parameters in both adult and neonate 
participants. The purpose of this dissertation was to collect normative data based on a multitude 
of stimulus manipulations, using both air and bone-conducted CE-Chirp and octave band stimuli 
in newborns and young adults. Additionally, ABR responses to air and bone-conducted chirp 
stimuli were compared to traditional ABRs to click and tonal stimuli in newborns. Latency and 
amplitude of ABR waveform components, primarily wave V, were examined. In Experiment 1, it 
was shown that ABRs to CE-Chirp stimuli are signifcantly (p < .05) larger in amplitude 
compared to traditional click and tonal stimuli. Statistically significant correlations (p < .0001) 
were found between testers for wave V latencies and amplitudes to air- and bone-conducted CE-
Chirps in Experiment 2. Also, there were no statistically significant differences between testers 
with wave V latencies and amplitudes to air- and bone-conducted CE-Chirps (p < .05). In 
Experiment 3, it was revealed that, as expected, adults exhibited signifcantly (p < .05) larger 
ABR wave Vs than newborns, which underscores the importance for age-related normative 
values. In Experiment 4, neonates were found to have statistically significant (p < .0001) lower 
mean ABR thresholds for bone conduction than adults, but no statistically significant (p = .80) 
threshold differences were seen for air-conduction.. Overall, the results of these series of 
experiments support the notion that chirp stimuli may be equal or superior to tradtional click and 
tonal stimuli at assessing auditory function in both infants and adults. The CE-Chirp may also 
significantly reduce test time for ABR recording, which could enhance the efficiency of UNHS 
programs. 
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CHAPTER I: REVIEW OF THE LITERATURE 
Introduction 
Approximately one to three of every 1,000 infants in the United States are born with 
severe-to-profound bilateral hearing loss, making it one of the most common birth defects in the 
country (Northern & Downs, 2002). At least two additional children per 1000 are born with 
lesser degrees of hearing loss (National Center for Hearing Assessment and Management, 
NCHAM, 2014; Vohr, 2003). Hearing loss can result in communication and academic delays, 
social and emotional stress, and increased economic burden when not identified within the 
optimal period for speech and language development. The first two to three years of a child’s life 
are critical for the development of speech and language due to the plasticity of neural 
connections in the brain (Northern & Downs, 2002). Infants begin responding to sounds, 
localizing sounds, and playing with their own voices around six months of age (Northern & 
Downs, 2002). Consequently, children whose hearing loss is identified before six months of age 
have sizeable language advantages over children identified after six months of age, regardless of 
the language used (i.e., spoken language, sign language, or a combination of both; Yoshinaga-
Itano, 2006; Yoshinaga-Itano & Apuzzo, 1995).  
Prior to the development of universal newborn hearing screening programs (UNHS), 
however, the average age at which children with congenital hearing loss were identified was 24-
30 months old (Harrison, Roush, & Wallace, 2003). At this age, parents were typically the first 
to notice that their children were not meeting the developmental milestones for speech and 
hearing (Mauk, White, Mortensen, & Behrens, 1991). The delayed identification incidentally 
placed those children at greater risk for educational, social, and emotional issues. 
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Researchers have shown that delayed identification in children with any degree of 
hearing loss puts those children at-risk for reduced academic performance on measures such as 
reading, spelling, and mathematics (Davis, Elfenbein, Schum, & Bentler, 1986; Levitt, McGarr, 
& Geffner, 1987). Even children with mild to moderate or unilateral hearing loss are ten times 
more likely to fail at least one grade than their normal-hearing peers (Bess, 1985; Bess, Dodd-
Murphy, & Parker, 1998; Davis, Elfenbein, Schum, & Bentler, 1986). Furthermore, the annual 
costs associated with providing additional special educational services can increase by more than 
$30,000 per child for those with delayed identification (Johnson, Mauk, Takekawa, Simon, Sia, 
& Blackwell, 1993). Clearly, it is vital to diagnose hearing loss during the optimal period for 
auditory and linguistic development in order to minimize the psycho-educational, social, and 
financial impacts. 
The following literature review will first discuss the development and importance of 
UNHS with a brief description of hearing screening techniques. The second portion of the 
literature review will provide a more detailed description of various assessments of the auditory 
system. Emphasis will be placed on electrophysiological auditory assessment, recent 
developments in electrophysiological assessment, and how these developments may impact 
UNHS. At the conclusion of the literature review, gaps in the current literature and pertinent 
research questions will be presented. 
Universal Newborn Hearing Screening 
Early Screening Methodologies 
Recognizing the need for earlier identification of hearing loss in children, audiologist 
Marion Downs pioneered the first attempts to screen hearing in neonates in the early 1960’s 
(Morton & Nance, 2006). The first screening technique was behavioral observation audiometry 
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(BOA) in which an auditory stimulus was presented, and the audiologist observed whether the 
stimulus produced a time-locked reflexive response from the infant. Downs’ research showed 
that BOA could be used reliably to identify infants with bilateral hearing loss in the severe to 
profound range (Downs & Sterritt, 1964, as referenced in Morton & Nance, 2006). BOA was 
also a fairly quick, straightforward, and inexpensive technique, which could provide frequency-
specific responses if necessary (Mauk & Behrens, 1993). 
There were, however, several limitations to BOA. First, the presence or absence of a 
reflexive response was a subjective decision, which allowed for a great deal of variability in how 
audiologists judged a response (Mauk & Behrens, 1993; Mencher, McCulloch, Derbyshire, & 
Dethlefs, 1977). Although, Mencher et al. (1977) showed that the amount of false positives could 
be reduced when the response criterion were strictly defined. As mentioned above, BOA was 
only shown to be reliable in identifying severe to profound hearing loss (Feinmesser, Tell, & 
Levi, 1982; Mencher, Davis, DeVoe, Beresford, & Bamford, 2001). Thus, infants with lesser 
degrees of hearing loss were more likely to be identified later in life when the hearing loss has 
already affected their speech and language development. Furthermore, BOA often 
underestimated the degree of hearing loss (Parving, Elberling, & Salomon, 1981). It was also 
difficult to detect hearing loss of varying configurations when only using a broadband stimulus 
(Taylor, Omaha, & Mencher, 1972). Another disadvantage to BOA was that the testing did not 
provide ear specific information. This drawback made it difficult to detect a unilateral hearing 
loss. Additionally, the infant’s responsiveness could be affected by its state of arousal (Northern 
& Downs, 2002). Taylor et al. (1972) found that infants in quiet sleep were more responsive to 
screening stimuli than infants who were awake or in deep sleep. 
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In 1974, Simmons and Russ developed an automated method of newborn hearing 
screening called the Crib-O-Gram (COG). The COG entailed placing a motion-sensitive 
transducer in the infant’s crib, which presented high intensity auditory stimuli while the infant 
lay still. The infant’s motor activity prior to and following the stimuli was automatically 
recorded and then analyzed by trained personnel. Advantages of the COG were that it operated 
automatically so that personnel could analyze the responses at their convenience and it had lower 
initial costs (Shimizu, Walters, Kennedy, Allen, Markowitz, & Luebkert, 1985). However, the 
COG response represented activity of a startle reflex pathway that spanned from the auditory 
system to the motor apparatus at the level of the brainstem. Thus the COG did not only rely on 
the auditory system, but it could also be influenced by damage along the brainstem or at the 
motor cortex (Durieux-Smith, Picton, Edwards, Goodman, & MacMurray, 1985; Galambos, 
Hicks, & Wilson, 1982). Additionally, as with BOA, the COG did not provide ear-specific 
information, which made it unlikely that the COG could detect unilateral hearing losses. Shimizu 
et al. also showed that the COG had high failure and false positive rates and detected few mild to 
moderate hearing losses when assessing newborns in a neonatal intensive care unit (NICU). 
Likewise, Durieux-Smith et al. found that COG was more successful at detecting moderately-
severe to profound hearing loss, but as many as 30% of infants with near to near-normal hearing 
failed COG testing. Researchers also found that the COG was less reliable in detecting hearing 
loss in premature infants (Durieux-Smith et al.; McFarland, Simmons, & Jones, 1980). 
Although the rationale behind early methods of newborn hearing screening was 
innovative, the shortcomings of those efforts were evident. Both BOA and COG lacked the 
sensitivity to detect mild to moderate hearing loss and unilateral hearing loss. Variability in test 
technique, participants’ state of arousal, and clinician interpretation could also easily influence 
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the results (Mencher et al., 2001). This pioneering research, however, generated attention and 
concern for UNHS, which led to the formation of a Joint Committee on Infant Hearing (JCIH). 
As discussed below, the JCIH has continually developed guidelines for UNHS for decades as 
research and technology have progressed. 
Early Statements by the Joint Committee on Infant Hearing (JCIH) and National Institues 
of Health (NIH) 
In 1971 a committee comprised of leaders from the American Academy of Pediatrics, the 
American Academy of Ophthalmology and Otolaryngology, and the American Speech and 
Hearing Association (ASHA) convened to discuss the usefulness of newborn hearing screening 
programs by reviewing data from a small number of controlled studies. At that time, the JCIH 
concluded at that “mass screening programs [were] inconsistent and misleading” (p. 1). 
Therefore, initial efforts in newborn hearing screenings were directed only towards the 
evaluation of infants who were deemed at-risk for hearing loss. Over the next three decades, the 
JCIH issued a series of position statements (1973, 1982, 1990) that identified multiple risk 
factors for hearing loss as shown in Table 1. 
Restricting hearing screenings to infants at-risk for hearing loss, however, only identified 
approximately one-half of the children who have congenital sensorineural hearing loss (Mauk, 
White, Mortensen, & Behrens, 1991). To address the inconsistencies and shortcomings of the 
aforementioned newborn hearing screenings models, in 1993 the National Institutes of Health 
(NIH) convened a panel of otolaryngologists, pediatricians, audiologists, speech-language 
pathologists, neurologists, epidemiologists, nurses, educators, and counselors. The panel released 
the first consensus statement on UNHS (NIH, 1993). They recommended that hearing screening 
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Table 1. Risk Factors for Hearing Loss (JCIH, 1971) 
Family history of childhood hearing loss 
In utero infections such as, 
     Toxoplasmosis 
     Syphilis 
     Rubella 
     Cytomegalovirus 
     Herpes 
Syndromes associated with hearing loss  
Craniofacial anomalies 
Hyperbilirubinemia with exchange transfusion 
Bacterial meningitis 
Mechanical ventilation for more than 10 days 
Low birth weight (<1,500 grams) 
Low APGAR scores 
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be performed on all infants by three months of age. Similarly, the JICH released another position 
statement in 1994, which expanded their recommendations to include identification of all hearing 
loss by three months of age and intervention by six months of age (JCIH, 1994). Both statements 
emphasized that early identification of hearing loss minimizes delays in linguistic, social, and 
emotional development. This consensus statement was initially confronted with resistance from 
prominent researchers Bess and Paradise (1994), who felt that UNHS was “ill-advised” due to a 
lack of research demonstrating the “practicability, effectiveness, cost, and harm-benefit ratio” of 
early identification (p. 330). Their argument that insufficient evidence was available to justify 
UNHS was quickly met with retorts from other researchers who provided such evidence, as is 
discussed in the following section. 
Current Screening Methodologies 
Objective, physiological assessments of hearing were deemed the gold standard in 
hearing screenings by the JCIH Position Statement in 1982 (JCIH, 1982). To adhere to the JCIH 
recommendation of electrophysiologic testing of infants, the majority of newborn hearing 
screening in the 1980’s was performed using automated ABR testing, which had to be 
interpreted by trained professionals (Sininger et al., 2000). During the 1990’s, however, 
advocates for UNHS began researching automated, objective methods to perform UNHS, due to 
the previous variability in methodology and high likelihood of missing mild, moderate, and 
unilateral hearing losses with subjective assessments.  
The first attempt at statewide UNHS was the Rhode Island Project in 1989 (Johnson, 
Maxon, White, & Vohr, 1993), and subsequent UNHS studies were implemented in Hawaii in 
1990 (Johnson, Kuntz, Sia, White, & Johnson, 1997) and Colorado in 1993 (Downs, 1995; Mehl 
& Thomson, 2002). The Rhode Island and Hawaii Projects employed a two-tiered screening 
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technique, in which all infants were screened using otoacoustic emissions (OAE) testing and 
those who did not pass were retested using automated auditory brainstem response (ABR) 
testing. The majority of hospitals in Colorado used automated ABR testing (Mehl & Thomson, 
2002). These techniques are briefly described below, with ABR testing described in more detail 
in the section entitled “Electrophysiological Auditory Assessment.”  
Otoacoustic Emissions 
OAEs are low-level sounds produced when the movement of outer hair cells (OHCs) in 
the cochlea creates a reverse traveling wave that is transmitted from the inner ear into the ear 
canal. Because OAEs are a result of the active amplification properties of the cochlear, the 
presence of OAE reflects normal to near-normal functioning of the peripheral auditory system 
(Kemp, 2002). OAEs are a quick, non-invasive method of screening cochlear function in 
newborns. However, one drawback of OAE testing is that it only assesses the integrity of the 
outer hair cells in the cochlea. Therefore, if an infant has dysfunction at the levels of the inner 
hair cells (IHC), auditory nerve, brainstem, or auditory cortex, OAE responses may still be 
present. Another disadvantage of OAEs is that vernix and debris in the ear canal or middle ear 
fluid can prevent robust responses from being recorded shortly after birth (Kemp, 2002). 
To record OAEs, a probe assembly containing a sensitive microphone is placed in the ear canal 
using a foam or rubber tip to ensure that a hermetic seal is maintained. The sound pressure level 
within in the ear canal is continuously measured in response to the auditory stimulation. The 
sound pressure level measurements are averaged and undergo Fast Fourier Transformation  
(FFT) in order to display the sound pressure level as a function of frequency. Small levels of 
internal (e.g., infant’s heavy breathing) and external (e.g., equipment noise) noise are averaged 
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out over time, so that the resulting values represent the OAE responses. However, efforts should 
be made to reduce background noise as much as possible during OAE testing.  
There are two types of OAEs that can be recorded in response to an auditory stimulus – 
transient-evoked OAEs (TEOAEs) and distortion-product OAEs (DPOAE). According to a study 
funded by the National Institutes of Health, pass rates for TEOAEs and DPOAEs were above 
95% and both types of OAE testing produced similar true positive (hit) and false positive (miss) 
rates, which means they performed similarly at predicting hearing status in newborns (Norton et 
al., 2000a). As expected, Norton and colleagues also reported that the hit rates were lower for 
infants with mild hearing loss and increased as degree of hearing loss increased. 
TEOAEs are measured by inputting a short-duration, low-level broadband stimulus. 
TEOAEs are typically evoked using an 80 dB peSPL broadband click stimulus, which contains a 
wide range of frequencies (Norton et al., 2000b). During FFT analysis, the broadband OAE 
responses can be separated to give frequency-specific information. DPOAEs are evoked using 
pairs of long-duration tones across a broad frequency range. The tones are referred to as f1 and f2 
and usually have a frequency ratio of f2/f1 = 1.2, with f2 being of 2000, 3000 and 4000 Hz 
(ASHA, 1997). The pairs of tones are presented at a ratio of f2/f1 = 65/55 dB SPL. These pairs of 
tones cause distortion within the cochlea, which generates DPOAE responses at frequencies in-
between the f1 and f2 frequencies. 
Low frequency testing is not typically performed with either TEOAEs or DPOAEs due to 
the high possibility of noise interference at those frequencies. When researchers compared 
UNHS protocols using TEOAEs and DPOAEs, robust responses were seen for both types of 
OAEs for frequencies between 1500-4000 Hz for infants with no more than mild hearing loss 
(Gorga et al., 2000; Norton et al., 2000c).  
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OAEs are typically present in individuals with hearing thresholds better than 30 dB HL 
and robust responses can often be maintained in just a few minutes (Kemp, 2002). This makes 
OAEs a useful and cost-effective tool for screening newborns because present OAEs suggests 
normal to near-normal hearing. Typical OAE screening equipment generates either a “Pass” or 
“Refer” for each ear separately using a scoring algorithm operating online in the system that 
calculates the reproducibility of the OAE response. The cutoff criteria for Pass/Refer may range 
from 50% up to 80% reproducibility, according to Northern and Downs (2002).  
As mentioned above, OAE screening only provides general information about peripheral 
auditory function. In cases where neural dysfunction is suspected or debris/middle ear fluid may 
have confounded results, clinicians are encouraged to interpret OAE responses cautiously or 
supplement with automated ABR testing, as discussed below.   
Automated Auditory Brainstem Response 
Automated ABR is an objective assessment of the auditory pathway from the peripheral 
auditory system to the level of the brainstem. Testing involves placing electrodes on the 
forehead, nape of the neck, and back of the shoulder. These electrodes pick up electrical signals 
that are generated by the auditory nerve fibers when sounds are presented to the auditory system, 
as discussed in more detail below. Because automated ABR testing assess the functioning of the 
auditory pathway up to the brainstem, it is more sensitive than OAE testing for detecting neural 
hearing loss. 
Traditionally, a small insert earphone is placed in the ear or a circumaural headphone is 
placed around the ear and a broadband click stimulus is presented at a low level (e.g., 30-40 dB 
nHL) (Norton et al., 2000b). It is recommended that the stimulus have an alternating polarity to 
reduce phase-locked responses filters used for recording be extended down to 30 Hz to detect the 
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low frequency energy that is present at low stimulus levels (ASHA, 1997). The recorded ABR 
signals are extracted from the background electrical activity by averaging many recordings over 
time to enhance the signal-to-noise ratio. As with OAE testing, automated ABR systems generate 
either a pass or refer for each ear separately based on the scoring algorithm operating online in 
the system. The algorithm may be executed in one of several ways. For example, detection of a 
response may be based on comparing the patient’s response to a template derived from grand 
averages of many normal-hearing infants. Another method involves a computer calculation of 
the correlations between recordings from multiple stimulus presentations, as described by Weber 
and Fletcher (1980). Finally, calculations can be performed to determine the number of stimulus 
presentations necessary to reach an optimum signal-to-noise ratio, as described by Elberling and 
Don (1984). This allows for an automated method of determining the presence of an ABR in a 
newborn. Research has shown that automated ABR systems have a sensitivity of at least 95%, 
which means the probability that infant who refers on a screening actually has hearing loss is 
95%. The specificity of these screenings is at least 90%, which means 90% of infants who pass 
the screening actually have normal hearing.  
For both OAE and automated ABR tests, screenings are typically performed at least six 
hours after birth for a vaginal delivery and 24 hours after birth for a Cesarean section delivery. 
This delay is in place to minimize the number of infants who do not pass the screening due to 
vernix and other debris in the ear canal (Northern & Downs, 2002). 
Outcomes with Current Methodologies 
The preliminary studies in Rhode Island, Hawaii, and Colorado found great success in 
statewide UNHS, with more than 90% of all newborns being screened and false positive rates as 
low as 1-3% (Mehl & Thomson, 2002; Northern & Downs, 2002) and high sensitivity and 
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specificity measures as described above. All three initial investigations concluded that UNHS 
could be performed with a cost of approximately $20-$25 per test. For the Rhode Island and 
Hawaii studies, the average cost of identifying one sensorineural hearing-impaired infant was 
estimated to be about $3,400 (Johnson, Mauk, Takekawa, et al., 1993), while the average cost 
was estimated by Downs (1995) to be about $9,800 in Colorado. These costs are significantly 
more affordable than the $40,000 cost associated with other screening procedures, such as 
phenylketonuria, sickle cell anemia, and hypothyroidism. Furthermore, the long-term financial 
savings of early identification of hearing loss exceeds $30,000 per child per year (Johnson et al., 
1993). Since the screening versions of OAE and ABR testing were automated, it also became 
acceptable to train non-professional personnel, such as technicians, nurses, or volunteers, to 
perform the testing. This cost-benefit analysis led researchers to support implementation of 
UNHS (Johnson et al., 1993; Turner, 1992) 
Current JCIH and American Speech-Language-Hearing Association (ASHA) Guidelines 
 In 2000, the JCIH proposed a “1-3-6” plan (JCIH, 2000). This amendment called for 
evaluation of all infants by one month of age, identification of hearing loss by three months of 
age, and intervention services in place by six months of age. JCIH, along with ASHA and the 
NIH have developed guidelines for appropriate evaluation and successful treatment for infants at 
each stage of the 1-3-6 process (ASHA, 2004; NIH, 1993). 
Currently, it is recommended that UNHS be performed using either OAE testing or 
automated ABR testing (ASHA, 2004; JCIH, 2007; NIH, 1993). A multi-institutional research 
study funded by the NIH and National Institute on Deafness and Other Communication 
Disorders showed that OAE and ABR testing detected all degrees of hearing loss equally 
(Norton et al., 2000b). Infants in the NICU, however, should receive automated ABR testing 
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instead of OAEs because they are typically more at-risk for neural hearing loss. The guidelines 
state that infants who do not pass the initial screening should be rescreened immediately. If they 
still refer, then a rescreening of both ears should be done in 24 hours. If the infant has already 
been discharged, a follow-up appointment should be made for rescreening. Infants who do not 
pass the rescreening should be scheduled for a diagnostic hearing assessment with an audiologist. 
Diagnostic hearing testing should be done by three months of age. ASHA (2004) and 
JCIH (2007) agree that case history is critical at the diagnostic appointment. For children less 
than four months of age, ASHA recommends that the assessment begin with otoscopy and 1000 
Hz tympanometry to assess middle ear status. High-frequency tympanometry is necessary in this 
population because infants have mass-dominated middle ear systems, which can invalidate 
responses obtained using traditional 226 Hz tympanometry. These children should also undergo 
OAE testing at 1000-4000 Hz and/or ABR testing with frequency specific tonal stimuli to 
determine threshold levels and high intensity click stimuli to assess the integrity of the auditory 
nerve.  
If hearing loss is diagnosed during the comprehensive evaluation, then the parents should 
be referred for amplification and to an early intervention specialist. JCIH (2013) recommends the 
referral occur within two to three days of diagnosis. Amplification should be fitted within one 
month of diagnosis, and early intervention should occur by six months of age (JCIH, 2007). The 
early intervention specialist will help the family create a medical home, consisting of a 
physician, audiologist, speech-language pathologist, psychologist, teacher, etc. Based on Part C 
of the Individuals with Disabilities Education Act (2004), the early intervention team will work 
with the family create an Individualized Family Services Plan that will create goals and 
intervention plans for the infant through three years of age. Audiologic evaluations should be 
  14 
performed every three months to obtain a full audiogram and monitor progression of hearing 
loss. The otolaryngologist should refer the family for genetic testing to determine etiology of the 
hearing loss and he should rule out syndromes or medically correctable hearing losses. The team 
will also talk with the family about communication options, such as sign language and total 
communication. JCIH (2007) recommends that the child have developmental assessments 
performed at 9, 18, 24, and 30 months of age. If hearing loss progresses to severe-profound, a 
cochlear implant should be considered. Ideally, children who receive early intervention services 
will have minimal developmental delays when compared to their peers. 
Currently, forty-three states in the U.S. and the District of Columbia have a mandated 
UNHS program in place in an effort to meet these guidelines (NCHAM, 2014), and most other 
states have informal UNHS efforts despite not having a legally mandated program. The Centers 
for Disease Control and Prevention showed that in 2009 more than 97% of newborns in the U.S. 
were screened for hearing loss. 
Peripheral Auditory System: Anatomy, Physiology, and Assessment 
Before continuing, it is necessary to review the auditory system and the methods of 
assessing the auditory system. Emphasis will be placed on electrophysiological auditory 
assessment in order to provide an understanding of the rationale behind the methods that were 
employed in this research project.  
Auditory Signal Transmission 
Sound waves are captured by the outer ear (pinna) and enter the ear canal as acoustic 
energy. This acoustic signal is converted into mechanical energy by the vibrations of tympanic 
membrane. The mechanical energy travels through the three ossicles of the middle ear – the 
malleus, incus, and stapes. The function of the middle system – the tympanic membrane and 
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ossicles – is to act as an impedance matching transformer as the auditory signal travels from a 
medium of air in the outer and middle ear to a medium of fluid in the inner ear (i.e., cochlea or 
Organ of Corti).  
The cochlea has two and three-quarter turns and contains three chambers, which are filled 
with fluid. The top and bottom chambers – the scala vestibuli and scala tympani – are filled with 
perilymph fluid, while the middle chamber – the scala media – is filled with endolymph fluid. 
The scala vestibuli and scala media are divided by Reissner’s membrane, while the scala tympani 
and scala media are divided by the basilar membrane (BM). The organ of Corti rests on top of 
the BM and consists of three to five rows of OHCs and one row of IHCs. The BM runs the entire 
length of the cochlea, which ranges from 25-35 mm in humans1 (Musiek & Baran, 2007; Robles 
& Ruggero, 2001). The BM is thick and narrow at the base and thin and wide toward the apex, 
which creates a stiffness gradient.  
The movement of the stapes footplate in the oval window displaces the endolymph in the 
scala media. The displacement of fluid creates a transverse traveling wave along the base of the 
cochlea. The mechanical energy traveling along the BM grows in amplitude until it reaches a 
maximum and then declines in amplitude (Robles & Ruggero, 2001). Georg von Békésy (1960, 
as cited in Robles & Ruggero, 2001) was the first person to demonstrate that the traveling wave 
reaches a point of maximum displacement along the BM when it arrives at the OHCs that 
respond to the characteristic frequency of that auditory signal. The stiffness gradient of the BM 
makes it tonotopic, which means that high frequency sounds resonate better at the base (close to 
the round window), and low frequencies resonate better farther along the membrane (near the 
apex) (Musiek & Baran, 2007; Raphael & Altschuler, 2003). Because of the BM’s tonotopicity, 
                                                
1 The cochlea is fully developed in utero by 10 weeks gestation, so infant and adult cochlear 
lengths are equivalent. 
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there is a delay in the response obtained from high frequency versus low frequency regions 
because it takes more time for the cochlear traveling wave to reach the low frequency regions. 
Elberling, Don, Cebulla, and Stürzebecher (2007) showed this delay in stimulating 8000 Hz 
versus 500 Hz to range from 2.7 to 5.1 ms.  
When the traveling wave reaches its characteristic frequency along the BM, the cilia of 
the OHCs is sheared along the tectorial membrane which allows an influx of potassium ions to 
depolarize the hair cells. The OHCs also expand and contract in response to downward and 
upward BM movement, respectively. This motility of the OHCs intensifies the movement of the 
BM to cause sharper frequency tuning of the BM. These active mechanisms have earned the 
OHCs the name of cochlear amplifier. It is believed that the movements of the OHCs and the 
fluid flow surrounding the IHCs also shears the cilia of those hair cells – which are not 
embedded in the tectorial membrane – and depolarize the IHCs as well (Musiek & Baran, 2007). 
The IHCs perform sensory transduction to send electrical signals to the brain. For sensory 
transduction to occur, the BM movement must shear the IHC stereocilia toward the tallest 
stereocilium, which opens mechanically gated ion transduction channels that allow for the influx 
of potassium ions. With sufficient depolarization, voltage-gated calcium channels are opened 
(Santos-Sacchi, 2001). The calcium ions mobilize synaptic vesicles, which then fuse with the 
basolateral wall of the hair cell and release a neurotransmitter at the base of the hair cell. This 
neurotransmitter is thought to be glutamate (Musiek & Baran, 2007). The neurotransmitter 
generates an action potential that travels along the neurons of the auditory nerve fibers, up the 
brainstem, and to the auditory cortex of the brain.  
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Tympanometry 
An important starting point for auditory system evaluation is to assess the function of the 
middle ear system using a test called tympanometry. According to the American National 
Standards Institute (ANSI, 1987) tympanometry involves changing the air pressure in the ear 
canal and measuring the subsequent changes in acoustic immittance in the ear canal. First, the 
appropriate-size probe is placed on the probe assembly to create a hermetic seal in the ear canal. 
The probe assembly consists of a transducer, which presents a probe tone and a microphone to 
measure the sound pressure level of the probe tone in the ear canal. Next the air pump within the 
tympanometer changes the pressure from +200 daPa to -400 daPa. The tympanometer then 
produces a tympanogram – a graphical representation of the change in immittance as a function 
of changing air pressure. The tympanogram provides values for peak compensated static acoustic 
admittance (Ytm), tympanometric width (TW), tympanometric peak pressure (TPP), and ear canal 
volume (Vea). Researchers have generated normative values for these four measures to allow 
audiologists to classify middle ear function as normal or abnormal. Ninetieth percentiles of 
tympanometric measures for normal-hearing infants and young adults are shown below in Table 
2. 
Pure Tone Audiometry 
A subjective assessment of the auditory system is pure tone audiometry, which 
determines the softest level, or threshold, that an individual hears various calibrate pure tones in 
each ear. Guidelines have been put forth by ANSI (2004) and ASHA (2005) regarding manual 
pure tone audiometry, although it should be noted that automatic Békésy audiometry and 
computerized audiometry are also available.  
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Table 2. 90th Percentile Values for Tympanometric Measures in Normal-Hearing Infantsa and 
Young Adultsb. 
Age (years) Vea (cm3) Ytm (mmhos) TW (daPa) TPP (daPa) 
 
20-30 
 
0.9-1.8 0.3-1.5 35.8-95.0 -30-40 
.15-2.5 0.3-0.9 0.2-0.7 102-204 Not reported 
a Adapted from Roush et al. (1995) and Shanks et al. (1992) 
b Adapted from Marshall, L., Heller, L.M., & Westhusin, L.J. (1997); Roup, Wiley, Safady, & 
Stoppenbach (1998); and Veuillet, Collet, & Morgon (1992) 
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Manual pure tone audiometry is typically completed in a sound-isolated room or booth 
with the patient seated comfortably. The patient should be instructed that the goal of the 
procedure is to determine the softest level that various tones can be heard in each ear, which is 
indicated by the patient responding every time he/she hears the tone (e.g., hand raising or button 
pushing). Then the transducer – either insert, supraaural, or circumaural earphones or a bone 
oscillator – is placed on the patient. The stimuli used are steady or pulsed pure tones with a 
duration of one to two seconds. The frequencies recommended for testing by ASHA (2005) are 
250, 500, 1000, 2000, 3000, 4000, 6000 and 8000 Hz for air-conduction testing and 250, 500, 
1000, 2000, 3000, 4000 Hz for bone-conduction testing.  ASHA (2005) recommends beginning 
testing at 1000 Hz using a 30 dB HL, which is a suprathreshold presentation level for normal-
hearing individuals. If the tone is not heard at 30 dB HL, the level should be increased in 20 dB 
HL steps until a response is obtained. The modified Hughson-Westlake procedure is used to 
bracket around the auditory threshold by decreasing the presentation level by 10 dB HL until no 
response is obtained and then increasing by 5 dB HL until a response is obtained. Bracketing is 
repeated until the response is obtained two out of three times at the same level. This level is the 
auditory threshold.  
The degree of hearing loss is based on the auditory threshold at each frequency. For 
normal-hearing individuals, thresholds of 0-25 dB HL are considered hearing within normal 
limits. Mild hearing loss is 26-40 dB HL; moderate hearing loss is 41-55 dB HL; moderately-
severe hearing loss is 56-70 dB HL; severe hearing loss is 71-90 dB HL; and profound hearing 
loss is > 90 dB HL (Goodman, 1965). 
The use of air- and bone-conduction testing allows the clinician to differentiate between 
three types of hearing loss – sensorineural, conductive, and mixed. Sensorineural hearing loss 
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occurs from damage at the level of the cochlea or auditory nerve. It is represented on the 
audiogram by auditory thresholds for air- and bone-conduction that are in agreement within 10 
dB HL (Schlauch & Nelson, 2009). Conductive hearing loss occurs when a component of the 
outer or middle ear prevents auditory signals from reaching the cochlea normally. This type of 
hearing loss is indicated when thresholds for air-conduction are in the hearing loss range and 
bone-conduction thresholds are in the normal range. The third type of hearing loss is a mixed 
hearing loss, which involves a conductive component and a sensorineural component. For 
example, an individual may have impacted cerumen in the ear canal in addition to a 
sensorineural hearing loss. According to Schlauch and Nelson, mixed hearing loss is represented 
on the audiogram by air- and bone-conduction thresholds in the hearing loss range but separated 
by more than 10 dB HL. 
The advantages of pure tone audiometry are that the clinician obtains ear-specific and 
frequency-specific information. Pure tone audiometry, however, relies on the willingness and 
capability of the patient to respond consistently and reliability throughout the test period, which 
precludes this assessment from being used in infants less than six months old. 
Electrophysiological Auditory Assessment 
Another method of assessing the peripheral auditory system – and the one that will be the 
focus of this dissertation – is electrophysiological testing. Electrophysiological assessment is an 
objective test of the auditory pathway from the level of the auditory nerve up to the auditory 
cortex. Having an objective assessment available is useful for individuals who cannot provide 
reliable behavioral responses, such as infants less than six months of age.  
Electrophysiological assessment of the auditory system involves presenting an auditory 
stimulus to the ears and measuring the electrical signals generated by the underlying neural 
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components of the auditory system in response to the stimulus. This response is called an 
auditory-evoked potential (AEP). Clinical electrophysiological testing is generally a far-field 
assessment, which means the response is measured far from the generator of the response. This 
non-invasive procedure is performed by placed electrodes on the face and scalp and measuring 
the electrical response that is volume-conducted to the surface of the body. Far-field potentials 
are diminished as the electrical activity travels to the surface of the skin and becomes embedded 
in physical and physiological noise. Therefore, consecutive stimulus presentations – or sweeps – 
are used and then signal-averaged to improve the signal-to-noise ratio of the response (Jewett & 
Williston, 1971). 
Current electrophysiological test equipment is computerized and displays an 
electroencephalogram (EEG) tracing of the AEP response. The AEP is represented graphically 
by waveform, consisting of a series of positive peaks and negative troughs, plotted as a function 
of time. These waves are characterized by their latency, amplitude, and morphology. Absolute 
latency refers to the time interval between stimulus onset and the appearance of the peak or 
trough in the waveform (Hall, 2007). Absolute latency reflects the location of the generator and 
the neural conduction time necessary to reach that site (Hashimoto, Ishiyama, Yoshimoto, & 
Nemoto, 1981; Jewett & Williston, 1971). Interpeak latency is the time interval between AEP 
peaks or trough. This value is an index of the neural conduction time between two generators 
(Ponton, More, & Eggermont, 1996). Amplitude is commonly measured by calculating the 
voltage difference the peak of the wave and the following trough. This voltage difference reflects 
the amount of neural fibers firing in response to an auditory stimulus. Amplitude for AEPs is 
typically measured in microvolts (µV). Amplitude ratios between two waves may also be 
calculated. A third parameter analyzed in AEPs is morphology. Morphology is a subjective 
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interpretation of the overall shape of the response, which clinicians may use to describe an 
individual’s results compared to typical findings (Hall, 2007). 
AEPs are categorized by their latency as early, middle, and late responses. For normal-
hearing young adults, all AEPs occur within 0-500 ms following stimulus onset (Hall, 2007). 
This research project focuses on an early AEP – the ABR. Various types of ABR techniques and 
the effects of the stimulus parameters and the subject on the ABR will be described.  
Auditory Brainstem Response (ABR) 
In order to completely understand the ABR, is it important to comprehend the origins of 
the ABR waveforms, the techniques for recording the waveforms, and the effects on the ABR of 
subject, stimulus, and recording parameter manipulations. The ABR is an AEP generated by the 
acoustic nerve and the brainstem. Jewett and Williston first described it in detail 1971. The ABR 
is typically a small-amplitude (i.e., 0.5-1 µV) far-field potential measured by presenting auditory 
stimuli and recording electrical activity from the level of the brainstem using small electrodes on 
the head. 
ABR Generators 
The ABR normally consists of 5-7 waveform peaks in adults or 3 waveform peaks in 
newborns, which occur within the first 5 or 10 ms of stimulus onset in adults and newborns, 
respectively (Møller, Jannetta, Bennett, & Møller, 1981). Wave I is generated by the distal 
portion of the auditory nerve (CNVIII), as is evidenced by direct recordings from the eighth 
nerve in humans (Hashimoto, Ishiyama, Yoshimoto, & Nemoto, 1981; Møller & Jannetta, 1981, 
1982). Wave II is generated by the proximal portion of CNVIII ipsilateral to the side of stimulus 
(Møller, & Jannetta, 1982; Møller et al. 1981). Waves III-V are believed to have multiple 
generators (Møller, & Jannetta, 1982). Wave III is thought to be generated by the low brainstem 
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and superior olivary complex at the level of the pons (Hashimoto et al., 1981; Møller, & 
Jannetta, 1982). Waves IV and V are thought to be generated by the lateral lemniscus and upper 
brainstem, with both ipsilateral and contralateral contributions (Hashimoto et al., 1981; Møller, 
Jho, Yokota, & Jannetta, 1995). Waves I, III, and V are the most consistently recorded peaks in 
the ABR waveform. Wave V is generally the most robust peak and is present at low stimulus 
intensity levels. The presence of wave V is often used as a means of estimating auditory 
thresholds.  
The optimum ABR response is recorded using a high intensity with a slow rate, as will be 
discussed in more detail below. The five most commonly seen waveform peaks occur in 
subsequent one ms intervals. When using optimum parameters in adults, wave I occurs at 
approximately 1.5 ms, wave II at 2.5 ms, wave III at 3.5 ms, wave IV at 4.5 ms, and wave V at 
5.5 ms (Hashimoto et al., 1981; Jewett & Williston, 1917). The average amplitudes of waves I 
and V are 0.25 and 0.5 µV, respectively (Hall, 2007). 
Recording Techniques 
The electricity from the action potential is recorded by placing three electrodes on the 
head of the patient (e.g., forehead, top of the head, ipsilateral and contralateral mastoid, and/or 
seventh cervical vertebra). The most commonly used electrodes are metal disc electrodes or 
disposable self-adhesive electrodes. These electrodes send the electrical signal through an 
amplifier to increase the signal-to-noise ratio using common mode rejection. Common mode 
rejection refers to inverting the polarity of the response from one electrode relative to the other 
electrode in order to phase cancel common noise components and make the signal easier to 
detect. The convention in the United States is to plot the response of the vertex electrode upward 
and plot negative peaks downward. In other European countries and Japan, it is customary to 
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have downward positive vertex peaks and upward negative peaks (Hall, 2007). The size of the 
electrical response is on the order of microvolts, so the amplifier increases the gain by about 
10,000 times. The signal is then filtered to remove excess high and low frequency energy/noise. 
Then the signal is sent to an analog-to-digital converter and then to a signal-averaging computer 
to average the responses from multiple stimulus presentations. The averaged response is sent to 
an oscilloscope that plots a waveform of magnitude of the electrical signal in microvolts as a 
function of time in milliseconds and the computer displays the ABR waveform. 
Subject Effects 
Age 
Large differences in morphology, latency, and amplitude of ABR waveform components 
exist based on the age of the subject, including gestational age (GA) versus chronological age 
(CA) for infants2. These changes represent the maturation of the auditory system from caudal to 
rostral, or peripheral to central. This means that the more central components require additional 
maturation over time and will demonstrate more changes in morphology, latency, and amplitude, 
as the infant grows older. As discussed above, the adult ABR typically consists of 5-7 waves. For 
infants, a low-amplitude ABR can be reliably recorded as early as 27-30 weeks gestational age 
(Amin, Orlando, Dalzell, Merle, & Guillet, 1999; Starr, Amlie, Martin, & Sanders, 1977).  For 
full-term infants, the ABR generally consists of only three components – waves I, III, and V 
(Salamy, McKean, & Buda, 1975). The absolute and interpeak latencies are significantly longer 
in infants than adults. Furthermore, for a pre-term infant, the interpeak latencies are prolonged 
compared to full-term infants (Hall, 2007).  
                                                
2 Readers are directed to Appendix A in the New Handbook for Auditory Evoked Responses (Hall, 
2007) for detailed tables providing normative data for neonate, infants, and adults.  
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The I/V interpeak latency can be as long as 8 ms at 30 weeks GA and then it decreases to 
about 5.2 ms at full-term and then to about 4 ms for adult values (Hecox & Burkard, 1982; 
Salamy et al., 1975). For full-term infants, the latency for Wave I is adult-like by six to twenty-
four weeks CA, and waves III and V are adult-like by 18 months CA (Hecox, Cone, & Blaw, 
1981; Hecox & Burkard, 1982; Salamy et al., 1975). The amplitude of the waves also varies 
between infants and adults. In infants, wave I is much larger than wave V. Initially, the V/I ratio 
is only 1 µV, whereas in adults the V/I ratio is approximately 3 µV (Hecox, Cone, & Blaw, 1981; 
Hecox & Burkard, 1982). These changes are primarily attributed to transformations in wave V 
amplitude. The amplitude of waves I, III, and V increase in infants until about six months CA for 
waves I and II and 24 to 60 months CA for wave V, and then all of the amplitudes decrease 
slightly until adulthood (Hecox, Cone, & Blaw, 1981; Hecox & Burkard, 1982). 
The morphology of ABRs in infants also reflects differences in maturation of the auditory 
system. Even though the cochlea is fully formed for full-term infants, the auditory pathway 
continues to mature in the caudal to rostral direction. The apical regions of the cochlea mature 
earlier than the basal regions. Thus, frequency-specific changes occur in the ABR response as a 
function of age – greater latency changes occur in the high-frequency regions (Hall, 2007). 
Therefore, it is again imperative to use age-adjusted normative values when assessing hearing in 
infants. Effects of age as a function of stimulus and recording parameters will be discussed 
further in the following sections. 
Gender 
Studies of the effects of gender on the ABR have proven to be somewhat ambiguous 
from birth until adulthood. Some early studies reported that gender differences in the ABR did 
not exist until adolescence (Casali, Santos, 2010), while others found differences present in 
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children anywhere from four to eleven years of age or as early as neonates to twelve months old 
(Cone-Wesson & Ramirez, 1997; López-Escámez, Salguero, & Salinero, 1999; Sininger, Cone-
Wesson, & Abdala, 1998). For adults, the consensus is that wave V latencies to air-conducted 
click stimuli are approximately 0.2-0.5 ms earlier for females than males (Angrisani, Bautzer, 
Matas, & Azevedo, 2013; Jerger & Hall, 1980; Stuart & Yang, 2001). Additionally wave V 
amplitude is typically about 25% larger in adult females than adult males (Jerger & Hall, 1980; 
Stockard, Stockard, & Sharbrough, 1978). 
Stuart and Yang (2001) were the first researchers to examine gender differences in ABRs 
to air- and bone-conducted stimuli in the same cohort of neonates. They compared their findings 
to gender differences reported in previous research. Sininger et al. (1998) found no gender 
difference in wave V latency to air-conducted stimuli, while Stuart and Yang (2001) reported 
significantly earlier wave V latencies to air-conducted stimuli for female newborns than males. 
Mean female latencies were approximately 0.2-0.3 ms earlier than male latencies. The findings 
of Stuart and Yang (2001) and Cone-Wesson and Ramirez (1997) were in agreement that no 
gender effects were seen for bone-conducted wave V latency. Sininger et al. also reported that 
males had significantly lower ABR thresholds to air-conducted stimuli, while Cone-Wesson and 
Ramirez found lower thresholds for female neonates at 4000 Hz but not at 500 Hz. Stuart and 
Yang reported no gender difference for ABR thresholds to air- or bone-conducted click stimuli.  
Researchers have speculated a couple of reasons to explain gender differences in ABRs. 
First, anatomical differences at the level of the auditory periphery, such as differences in 
cochlear lengths for adults or a more efficient middle ear transfer function in female neonates. 
Another suggestion was that females have a faster cochlear response time which leads to better 
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synchronization of cochlear output and more efficient neural conduction along the auditory nerve 
or brainstem (Don, Ponton, Eggermont, & Masuda, 1994).  
State of Arousal 
Although Hall (2007) reports that state of arousal has no general effect on the ABR, it 
should be noted that the electrical responses measured during ABR recording are on the order of 
microvolts, so the patient’s myogenic activity should be minimized so that electrical activity 
from muscle movements does not mask the auditory brainstem response. It is often helpful for 
the patient to lie still and quiet, or even sleep, during recording. Research has shown that the 
ABR is relatively unaffected for natural sleep versus sedated sleep. As body temperature 
decreases, latency increases and amplitude decreases. This is particularly problematic for infants 
with low birth weight (Hall, 2007). 
Acquisition Effects 
Filters 
The amplitude of ABR waveforms is on the order of 1 µV or less. It is therefore 
imperative to increase the ratio between the response signal versus the background electrical 
activity, or noise, to enhance detection of the ABR. Increasing this signal-to-noise ratio (SNR) is 
accomplished by filtering the frequencies that contribute to the noise. Filtering can be performed 
before signal averaging (“online”) and/or after signal averaging (“post-average filtering”). 
A high-pass filter eliminates low frequency noise by filtering out the frequencies below 
the high-pass cutoff. A low-pass filter eliminates high frequency noise by filtering out the 
frequencies above the low-pass cutoff. ABR systems use a combination of these two filters, 
called a bandpass filter, so that signal averaging is performed only on those frequencies that 
make up the ABR signal. The types of noise that most often need to be filtered in ABR testing 
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are EEG activity, which is generally less than 30 Hz, and neuromuscular activity, which may 
reach up to 5000 Hz.  The frequency spectrum of the ABR ranges from approximately 100 to 
1000 Hz (Hall, 2007). Thus, the typical high-pass cutoff for ABR testing is 30 or 150 Hz and the 
low-pass cutoff is 1500 or 3000 Hz.  
The filter settings can significantly affect ABR latencies and amplitudes. In both adults 
and infants, there is a greater contribution from low frequencies to the ABR response at low 
intensities (Spivak, 1993). Stuart and Yang (1994) showed that changing the high-pass cutoff 
from 30 Hz to 100 or 150 Hz decreased wave V amplitude by 40-50%.  Wave V latency also 
decreased about 0.1 ms as the high-pass cutoff frequency increased. Thus, it is recommended 
that a high-pass cutoff of 30 Hz be used when testing at low levels in order to avoid eliminating 
part of the ABR response. Spivak (1993) proved that a 30 Hz high-pass cutoff is feasible even 
when performing ABR testing in a newborn nursery; therefore, this setting is strongly 
recommended for newborn hearing screenings. If the high-pass cutoff must be increased to 
further reduce electrical noise, the clinician must remember that the response amplitude may 
decrease. 
Montage 
The placement of electrodes on the head is referred to as the electrode montage or array. 
Four different montages are commonly recommended for performing ABR testing. The 
ipsilateral montage is the most commonly used array and is appropriate for testing both infants 
and adults (Hall, 2007; Stuart, Yang, & Botea, 1996). With the ipsilateral montage, the ABRs is 
recorded using three electrodes, as discussed above, with the noninverting electrode on Cz or Fz, 
the inverting electrode on the ipsilateral mastoid or earlobe, and ground electrode on the 
contralateral mastoid or earlobe. The contralateral montage is opposite to the ipsilateral montage. 
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In this scenario, the noninverting electrode is on Cz or Fz, the inverting electrode on the 
contralateral mastoid or earlobe, and ground electrode on the ipsilateral mastoid or earlobe. For 
the horizontal montage, the noninverting electrode is on contralateral mastoid or earlobe, the 
inverting electrode is on the ipsilateral mastoid or earlobe, and the ground electrode is on Cz or 
Fz. The vertical montage involves placing the noninverting electrode on Cz or Fz, the inverting 
electrode on a noncephalic location, such as the seventh cervical vertebrae (C7) or the clavicle, 
and ground electrode on the contralateral mastoid or earlobe.  
 Depending on the number of recording channels available in the equipment and the 
willingness of the patient, five electrodes may be used to record up to four electrode montages at 
time. Multi-channel recordings can assist in verifying the presence of waves. In this scenario, the 
five locations used are: Cz, ipsilateral and contralateral mastoids or earlobes, a noncephalic 
location, and Fz for the ground electrode. Jumper cables can be used to jump the electrode leads 
from one channel to another. 
The electrode montage has been shown to significantly affect the characteristics of 
waveform components in the ABR (Starr & Squires, 1982). The following trends are often seen 
in adults. An ipsilateral montage generally produces clearly visible waves I, III, and V (Ruth, 
Hildebrand, & Cantrell, 1982). Waves IV and V are often fused with the ipsilateral montage. The 
contralateral montage may produce a larger wave II (Kato et al., 1995) and separated waves IV 
and V (Stockard et al., 1978; Starr and Squires, 1982), but wave I is typically not seen (Starr & 
Squires, 1982) and wave III may have decreased amplitude (Hall, 2007; Kato et al., 1995). The 
horizontal montage enhances the amplitude of wave I (Ruth, Hildebrand, & Cantrell, 1982) while 
decreasing amplitudes of waves III and V (Hall et al., 1984; Ruth et al., 1982; Starr & Squires, 
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1982). Finally, the vertical montage decreases amplitude of wave I and increases amplitude of 
waves III and V (Hall et al., 1984; Starr & Squires, 1982; Stuart et al., 1996).  
Montage effects are also significantly influenced by the age of the patient because the 
anatomy of the scalp varies greatly between infants and adults. This causes the presence of 
waves to be even more variable across montages in infants. In general, waves I, III, and V can be 
visualized with the ipsilateral montage in infants. Hecox and Burkard (1982) showed that wave I 
amplitude is nearly equal for ipsilateral and horizontal montages in infants; whereas, adults show 
a larger wave I with the horizontal montage. These researchers also found that most infants also 
displayed a smaller wave V in ipsilateral compared to horizontal montages, which was the 
opposite trend as seen in adults. The contralateral montage has been heavily researched in infants 
and produces great variability in timing, appearance, and replicability of waves. Several studies, 
for example, have reported considerably different ABR morphology in infants, including 
negative deflections – labeled B and C – that correspond to waves III and V with slight latency 
differences and a positive wave D with negative wave E following wave V when using high 
intensity click stimuli (Edwards, Durieux-Smith, & Picton, 1985; Stapells, & Mosseri, 1991). 
Due to these disparities, Stuart et al. (1996) examined four channel ABR recordings in neonates. 
They found that 15 out of 16 neonates had positive waves I, III, V with a 60 dB nHL click, and 
14 out of 16 neonates had a wave V present at 30 dB nHL with the ipsilateral montage. They 
agreed that the presence of waves is variable across montages in infants, but they only found one 
infant who demonstrated waves B and C as described by other investigators. Overall they 
concluded that the majority of neonates have ABRs with adult-like morphology when using four 
channel recordings. Based on confounding effects of age and electrode montage, it is 
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recommended that the ipsilateral montage be used for ABR testing in infants; otherwise, adult-
like morphology cannot be assumed during waveform interpretation. 
Transducer 
ABR testing can be completed using air-conduction and bone-conduction. For air-
conduction testing, insert earphones (typically Etymōtic ER3-A) are commonly preferred over 
supra-aural headphones due to their flatter frequency response, increased interaural attenuation, 
increased noise reduction, ease of placement and comfort. Because insert earphones are coupled 
to the ear using a thin tube, most ABR software corrects for the time delay associated with the 
length of the tubing by automatically subtracting 0.9 ms from the ABR latencies.  
ABRs to bone-conducted stimuli are often evoked with a Radioear B-71 bone vibrator. 
One disadvantage of ABR testing with bone-conducted stimuli is that earlier waveform peaks are 
typically only visible when the stimulus intensity reaches the upper limits of the transducer (i.e. 
55 dB nHL) (Hall, 2007). There is also an increase in stimulus artifact when using a bone 
vibrator. Wave V latencies to bone-conducted stimuli in adults are approximately 0.5 ms longer 
than air-conducted wave V latencies (Cornacchia, Martini, & Morra, 1983; Yang, Rupert, and 
Moushegian, 1987). This difference is likely due to the signal attenuation caused by the stimulus 
spreading throughout the cranial bones. Cornacchia et al. described an increase in ABR 
amplitude for bone-conduction, which they attributed to the binaural responses that result from 
the signal traveling to both cochlea through bone-conduction. 
Bone-conduction testing is especially important for differentiating the type of hearing 
loss (i.e., sensorineural, conductive, or mixed) in infants and children. When using bone-
conduction with infants, clinicians must be cognizant of both the bone vibrator placement and 
the coupling force. Yang et al. (1987) demonstrated that wave V latency in neonates are affected 
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by bone oscillator location on the skull, whereas the latency difference due to placement in adults 
is negligible. In neonates, wave V latency to bone-conducted clicks is longer for occipital and 
frontal lobe placements than for temporal lobe placements. Frontal and occipital bone oscillator 
placements also generate longer wave V latencies than for air-conducted clicks. Temporal lobe 
placement, however, produces earlier wave V latencies than for air-conduction in newborns. 
According to Stuart, Yang, Stenstrom, and Reindorp (1993), neonates exhibit similar ABR 
thresholds for air-conduction and bone-conduction (3.75 dB nHL and 1.25 dB nHL, 
respectively), whereas adults have lower ABR thresholds for air-conduction than bone-
conduction (3.75 dB nHL and 18.75 dB nHL, respectively). Neonates also have significantly 
lower bone-conducted ABR thresholds than adults. By one-year of age, wave V latencies are 
more adult-like, with bone-conduction latencies being slightly longer than air-conduction. Stuart, 
Yang, and Stenstrom (1990) further examined bone vibrator placement on the temporal bone and 
concluded that a posterior or supero-posterior position produces shorter latencies with clearer 
morphology than a purely superior placement. The supero-posterior placement, however, was 
easier to maintain throughout testing; therefore, the authors deemed it to be the ideal placement 
for bone-conducted testing in newborns. Researchers have postulated that the placement effects 
are related to the fontanels, or membranous gaps, between cranial bones in infants. The fontanels 
surrounding the frontal and occipital lobes are believed to attenuate signal transmission to the 
cochlea, which is housed in the petrous portion of the temporal bone (Yang et al., 1987; Stuart et 
al., 1990). Consistent placement on the supero-posterior temporal bone provides more effective 
transmission of the bone-conducted stimulus. The fontanels fuse into sutures by about two years 
of age, which explains why infant ABR latencies become adult-like with increasing age.  
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Bone vibrator coupling force has also been shown to significantly impact ABR amplitude 
and latency because the force can change the effective output of the bone vibrator. Yang and 
Stuart (1990) and Yang, Stuart, Stenstrom, and Hollett (1991) recommend maintaining bone 
oscillator coupling force and placement by securing the oscillator with an elastic headband. The 
authors also described a method for measuring coupling force attaching fishing line to the bone 
vibrator and pulling it with a spring scale until it just clears the scalp, as shown in Figure 1. They 
recommend a coupling force of 425 ± 25 g. A stronger coupling force may cause the bone 
vibrator to slip out of place and a looser coupling force allows the oscillator to move if the 
infant’s head moves. Employing consistent bone vibrator placement and coupling force can 
reliably record bone-conducted ABRs. 
Stimulus Effects 
Intensity 
One of the most commonly manipulated parameters in ABR testing is intensity of the 
stimulus. Intensity functions are useful in estimating auditory thresholds, especially in infants 
and difficult-to-test populations. Generally speaking, as intensity decreases, the latency of ABR 
components increases and amplitude of the response decreases. The latency effect is related to 
the upward spread of excitation along the BM in the cochlea. When a high intensity stimulus in 
presented, the energy of the traveling wave spreads from the apex toward the base of the cochlea, 
which activates neural firing along those frequency regions and produces an earlier response. 
Low intensity sounds, however, do not create as much upward spread of excitation, so the 
response is limited to a smaller region on the BM, which make take longer to be activated 
depending on the frequency of the stimulus. The amplitude of the ABR is related to the amount  
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Figure 1. Method for consistent bone vibrator placement and coupling force (from Yang and 
Stuart, 1990, p.72). Used by permission (see Appendix A). 
 
Infant ABR to Bone-Conducted Clicks 
Figure 6. Procedures for the bone vibrator placement: 
(a) placement of the bone vibrator and elastic band; (b) 
measurement of the vibrator-to-head coupling force; and 
(c) the bone vibrator placement during ABR recording. 
a 
b 
c 
The elastic band with velcro was placed around the head 
over the bone vibrator perpendicularly and under the nylon 
monofilament loop (see Figure 6a). Then the hook of the 
spring scale was connected to the loop of the nylon monofila-
ment attached to the bone vibrator. The spring scale then was 
pulled manually against the tension of the elastic band so that 
the connected bone vibrator was lifted from the scalp. The 
vibrator-to-head coupling force was measured as soon as the 
bone vibrator cleared the scalp (see Figure 6b). The tension of 
the elastic band was adjusted, when necessary, by changing 
72 
the contact position of the velcro. The coupling force was 
maintained between 400 to 450 g. The spring scale was re-
moved from the measurement position during ABR recording 
(see Figure 6c). The coupling force measurement was re-
peated before and after the ABR recordings to ensure that it 
remained constant. 
Ill. ABR Recording Procedures 
Three gold-plated cup electrodes were attached to the high 
forehead (non-inverting), the ipsilateral inferior post-auricu-
lar area (inverting). and the contralateral inferior post-auricu-
lar area (common). Inter-electrode impedance for any pair of 
electrodes was maintained below 8000 ohms. The recorded 
electroencephalograph (EEG) was amplified 105 times and 
band pass filtered (30 - 3000 Hz). Sampling frequency for 
digitizing and averaging the response was 33,000 Hz. Re-
corded EEG samples exceeding 25 Il V were rejected. Analy-
sis time was 15 ms post-stimulus onset. A total of 2,048 
samples were averaged and replicated for each stimulus con-
dition. Replication was defined as two or more waveforms 
with identifiable ABR wave V peaks within 0.15 ms from one 
trial to the next. 
All recordings were stored on flexible diskettes for later 
analysis. Wave V latencies were measured from ABRs to 
bone and air conduction conditions. An ABR wave V was 
judged as the first reproducible positive peak after 5.5 ms. If 
this component was trough-like, round. or bimodal, the last 
point before the rapid negative deflection was identified as 
the wave V peak (Durieux-Smith, Edwards. Picton, & Mac-
Murray, 1985). 
Results 
Absolute ABR wave V latencies were measured from all 
recordings. For ABRs obtained from air conduction insert 
earphone stimulation, 0.90 ms was subtracted from the wave 
V latency measurement to take into account the signal travel 
time from the transducer to the external ear canal. Normative 
ABR wave V latencies were collected from 100 normal full-
term newborn infants and 34 normal four month old infants. 
The means (±two standard deviations) of the ABR wave V 
latencies for each of the stimulus conditions were calculated 
from these two normal control groups. They are displayed in 
Figures 7 (for the newborns) and 8 (for the four month oIds). 
The upper limits of ABR wave V Iatencies were defined as 
the mean plus two standard deviations for each given stimu-
lus condition. 
ABRs obtained from both ears for the at-risk infants 
were considered within normal limits (Le., the infant passed 
the screening test) if the ABR wave V, elicited from either the 
bone or air-conducted stimulation at 30 dB nHL, was identifi-
lSLPAIROA Vol. 14. No. 4. December 1990 
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of neural fibers that are activated. Thus, when more neural fibers are activated with a loud 
stimulus, the response amplitude increases. As mentioned above, latencies at high intensities are 
generally around 5.5 ms for wave V, 3.5 ms for wave III, and 1.5 ms for wave I in normal-
hearing adults (Hecox & Galambos, 1974). Research has estimated that the latency of wave V to 
generally around 5.5 ms for wave V, 3.5 ms for wave III, and 1.5 ms for wave I in normal-
hearing adults (Hecox & Galambos, 1974). Research has estimated that the latency of wave V to 
a click stimulus increases by approximately 0.38 ms for every 10 dB decrease in intensity 
(Gorga, Worthington, Reiland, Beauchaine, & Goldgar, 1985; Hecox & Galambos, 1974). 
However, the slope of the latency intensity function is not entirely linear. At lower intensities, 
the rate of change in latency is greater than at higher intensities (i.e. > 60 dB nHL) where the 
change in latency is more gradual. For high intensities, the average amplitude of wave V is 0.5 
µV and the average amplitude of wave I is 0.25 µV. As intensity decreases, the amplitudes of the 
ABR waves diminish; although, these changes also are non-linear (Hecox & Galambos, 1974; 
Jewett & Williston, 1971). In normal hearing individuals, Wave V can often be identified at 
intensities as low as 10 dB nHL. Waves I and III, however, usually disappear by about 25-35 dB 
nHL (Hall, 2007).   
A final important consideration in regard to the effect of intensity on the ABR is that age-
related changes are not linear. For example, in infants the I-V interpeak latency is longer at 
higher intensities and shorter at lower intensities. In adults, though, intensity seems to have less 
effect on the I-V interpeak latency (Hall, 2007). Also, in infants the latency of wave V increases 
on average 0.04 ms for every 10 dB decrease in intensity, as opposed to 0.38 ms for adults 
(Despland & Galambos, 1980; Hecox, 1975, as referenced in Hall, 2007; Lasky & Rupert, 1982). 
These differences emphasize the necessity to establish normative data based on age. 
  36 
Rate 
Changes in stimulus rate can also impact the morphology of the ABR. As rate increases 
above 20/second, latency increases and amplitude decreases (Don, Allen, & Starr, 1977; Fowler 
& Noffsinger, 1983; Paludetti, Maurizi, & Ottaviani, 1983; Sininger & Don, 1989). The rate of 
stimulus presentation, however, affects the latencies of later waves (i.e., waves V) more 
significantly than it affects earlier waves (Fowler & Noffsinger, 1983). When increasing from 
rate 20 to 80/second, wave V latency may increase by 0.5-1 ms, while wave I latency may shift 
only 0.2-0.5 ms (Hall, 2007, Jiang Wu, Wilkinson, 2009; Paludetti et al., 1983). The opposite 
trend is seen for amplitude: Amplitude of wave V is less affected by changes in rate than earlier 
waves (Hecox & Galambos, 1974). Wave V amplitude at a fast rate only decreases by 10-30%, 
while wave I amplitude decreases by 50% (Hall, 2007). Thus, some early components of the 
ABR disappear when a fast rate is used. Waves II and IV seem to be most susceptible to the 
effects of increased stimulus rate. The robust response of wave V; however, makes it time-
efficient to estimate auditory thresholds by using a high rate.  
As with intensity, the effects of stimulus rate become more pronounced as the age of the 
subject decreases (Jiang et al., 2009). The effects of rate on latency of the ABR are directly 
related to the central nervous system maturation (Fowler & Noffsinger, 1983; Klein, Alvarez, & 
Cowburn, 1992). Infants less than one to two years of age demonstrate steeper latency-rate 
function slopes than adults, which is believed to be due to their “incomplete myelinization and 
reduced synaptic efficiency” (Hall, 2007, p. 184; Jiang et al., 2009). This once again 
demonstrates the importance of developing age-related normative data. 
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Polarity 
During ABR testing, the clinician may use stimuli with rarefaction, condensation, or 
alternating polarity. Condensation is a positive polarity created by pushing the transducer 
diaphragm towards the tympanic membrane. The positive pressure wave on the tympanic 
membrane subsequently moves the stapes footplate in toward the oval window. This causes a 
downward movement of the BM, which hyperpolarizes the hair cells. Rarefaction polarity, on the 
other hand, generates an outward movement of the transducer diaphragm, tympanic membrane, 
and stapes footplate. This causes an upward movement of the BM, which depolarizes hair cells 
and creates an action potential (Brugge, Anderson, Hind, & Rose, 1969; Hall, 2007; Musiek & 
Baran, 2007). Because this initial negative electrical pulse depolarizes the hair cells sooner than 
with condensation polarity, rarefaction clicks have consistently been shown to produce a shorter 
wave I. The average difference between condensation and rarefaction is approximately 0.1 ms 
(Hecox & Burkard, 1982).  
Stockard, Stockard, Westmoreland, and Corfits (1979) showed that polarity differences 
are also influenced by age. The latency difference, between rarefaction and condensation clicks 
for wave I, is larger for infants than for adults (i.e. 0.13 ms difference for infants versus 0.07 ms 
difference for adults). The effects of polarity on the latency of other peaks in the ABR are less 
consistent; however, research has shown that the morphology of the ABR is typically clearer 
with rarefaction than condensation (Hoult, 1985). Rarefaction polarity has been shown to 
enhance the resolution of waves IV and V. The effects of polarity on wave V latency seems to be 
inconsistent in that some individuals have earlier latencies to rarefaction polarity, but a small 
percentage may have earlier latencies to condensation (Stockard et al.). Wave III findings are 
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similarly equivocal, with some individuals having shorts latencies to condensation polarity (Hall, 
2007). 
Frequency and Duration 
Due to the tonotopic organization of the cochlea, the frequency of the evoking stimulus 
significantly affects the latency and amplitude of the ABR response. The frequency response of a 
stimulus also has an indirect relationship to the duration of the stimulus. Short duration stimuli 
generally excite a wide range of frequency regions and produce synchronous firing of many 
neural fibers. A temporally concise stimulus resulting in more synchronized neural discharge 
generates more robust ABR. Alternatively, to obtain responses from a narrow range of 
frequencies, typically a longer duration is required (Hall, 2007). Historically, ABRs have been 
evoked using a broadband stimulus, called the click, or frequency-specific stimuli called tone 
bursts. Figure 2 shows the electrical and acoustic time waveforms and the Fast Fourier 
Transformation (FFT) of the frequency-amplitude spectrum of a tone burst centered at 1000 Hz. 
Tone burst stimuli allow for testing of a narrower range of the cochlea. ABR latencies have an 
inverse relationship to the frequency of the stimulus. As tone burst frequency increases, the 
latency of wave V decreases. The latency decrease is related to the tonotopic organization of the 
cochlea. Because high frequency stimuli are located in the base of the apex, the stimulus arrives 
at high characteristic frequencies more quickly than it does at the apical low frequency regions.  
The click is a short-duration stimulus comprised of a broad range of frequencies, from 
about 300-10,000 Hz. Figure 3 shows the electrical and acoustic time waveforms and the 
frequency-amplitude spectrum of a click stimulus. The short-duration stimulus has a flat 
amplitude response from about 300-4000 Hz, and amplitude decreases for frequencies above 
4000 Hz. The temporally concise quality of click has deemed it the gold standard for assessing  
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Figure 2. Electrical and acoustic time waveforms and FFT of 1000 Hz tone burst, respectively. 
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Figure 3. Electrical and acoustic time waveforms and FFT of click, respectively. 
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overall cochlear function during ABR testing  
When using a click, however, there is a delay in the response obtained from high 
frequency versus low frequency regions because it takes more time for the cochlear traveling 
wave to reach the low frequency regions. Elberling et al. (2007) showed this delay in stimulating 
8000 Hz versus 500 Hz to range from 2.7 to 5.1 ms. Because it takes longer for the traveling 
wave to reach the cochlear apex, the low frequency waves are phase-cancelled by the high 
frequency waves that occur much earlier (Hall, 2007). This means that although the click 
stimulus consists of many frequencies, the ABR waveform is predominately a reflection of high 
frequency activity (Coats & Martin, 1977). Studies of individuals with different configurations of 
hearing loss have determined that the 2000-4000 Hz range predominates the ABR (Bauch & 
Olsen, 1986; Gorga et al., 1985; Jerger & Mauldin, 1978; Kileny, 1981; Kileny & Magathan, 
1987). 
Stacked ABR 
The derived-band Stacked ABR was developed by Don, Masuda, Nelson, and Brackmann 
(1997) to resolve the phase-cancellation effects of the traditional click stimulus. The Stacked 
ABR uses output compensation to account for the delay in the cochlear traveling wave, so that 
the resultant ABR reflects both low and high frequency responses. To perform a Stacked ABR, a 
click stimulus is used in concert with a high-pass maskers centered at 500, 1000, 2000, 4000, or 
8000 Hz, which separates responses from the specific frequency bands. Six runs are performed 
(one unmasked click run plus five high-pass masked runs). A computer then temporally aligns 
the six output waves and sums the amplitudes. Thus, the Stacked ABR represents frequency 
specific activity based on each individual’s traveling wave delay. The Stacked ABR technique 
has been shown to be sensitive to small tumors or nerve damage because responses from all areas 
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of the nerve are visible (Don, Kwong, Tanaka, Brackmann, & Nelson, 2005). The biggest 
drawback to the Stacked ABR, though, is that performing the six ABR runs is extremely time-
consuming. Therefore, Stacked ABRs are rarely used in everyday clinical settings. 
Chirp Stimuli 
An input compensation technique of auditory brainstem response (ABR) testing was 
recently developed which obtains responses from low, mid, and high frequency regions of the 
basilar membrane simultaneously (Dau, Wegner, Mellert, & Kollmeier, 2000). The stimulus used 
in this technique is called the chirp. This “rising frequency” stimulus, as first described by Shore 
and Nuttall (1985), compensates for the traveling wave delay by sending in low frequency 
components and delaying high frequency input based on an averaged traveling wave delay. In 
other words, the chirp stimulus maximizes the temporal synchronization of the responses from 
the underlying neural components. The CE-Chirp is a version of the chirp stimulus that is 
currently available in several commercial ABR systems. Researchers have also developed band-
limited chirp stimuli – octave bands – that are centered at 500, 1000, 2000, and 4000 Hz to 
provide frequency-specific information, while still maximizing the temporal synchronization of 
the responses from the underlying neural components (Bell, Allen, & Lutman, 2002; 
Stürzebecher, Cebulla, Elberling, & Berger, 2006).  
The chirp has been reported to produce ABRs with amplitudes twice the size of those 
using click stimuli in adults (Cebulla & Elberling, 2010; Dau et al., 2000, Elberling & Don, 
2008; Elberling, Callø, & Don, 2010; Elberling & Don, 2010; Elberling, Don, & Kristensen, 
2012; Elberling, Kristensen, & Don, 2012, Kristensen & Elberling, 2012; Petoe, Bradley, & 
Wilson, 2010a, 2010b). Some authors, however, have reported that earlier waveform components 
may be diminished even in the presence of increased wave V amplitudes. Petoe et al. (2010a) 
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reported reduced presence of waves I and III when they compared chirp stimuli to click stimuli at 
40 dB HL with alternating polarity. Kristensen and Elberling (2012) also found that the presence 
of waves I and III was poorer with the CE-Chirp at 60 and 80 dB nHL with alternating polarity.  
It has been suggested that this reduced morphology of early waveform components with 
the CE-Chirp is related to the long duration of the stimulus (Kristensen & Elberling, 2012; Petoe 
et al., 2010a). At high intensities, the upward spread of excitation causes excitation of many 
frequencies at different times. This, in turn, may cause desynchronization of the neural firing, 
which affects the morphology of the ABR (Elberling et al., 2010). 
 Important latency differences have also been reported for the chirp stimulus. Kristensen 
and Elberling (2012) noted that wave V latency for the CE-Chirp was significantly longer than 
the click at low intensities but mean chirp latencies steadily decreased as intensity was increased, 
especially above 60 dB nHL. Cebulla, Lurz, and Shehata-Dieler (2014) also noted a similar 
interaction of stimulus and intensity that affected chirp latencies in infants. Kristensen and 
Elberling (2012) explained that since the low frequencies are presented prior to the high 
frequencies in the CE-Chirp, an upward spread of excitation causes the excitation along the BM 
to spread to higher frequency regions. This upward spread of excitation occurs earlier for the CE-
Chirp than it would with a traditional click since the low frequencies are presented earlier than 
the high frequencies. Because the CE-Chirp compensates for the traveling wave delay, at lower 
intensities the chirp latency is longer than the click at lower intensities due to delay of stimulus 
onset and increased contributions from low frequency regions. Some statistically significant 
latency differences have also been noted for tone bursts compared to CE-Chirp octave bands. 
Stangl, Rentmeester, and Hood (2013) demonstrated wave V latencies to 60 dB nHL CE-Chirp 
octave band stimuli in normal-hearing young adults to be 2.74 ms at 500 Hz, 4.43 ms at 1000 Hz, 
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5.13 ms at 2000 Hz, and 5.7 ms at 4000 Hz. This latency trend of increasing latency with 
increasing frequency is the opposite of what is typically seen with tone burst stimuli. These 
latency differences have been attributed to the input compensation technique applied to chirp 
stimuli in some AEP software. In these software models, there is a delay of approximately 1.5 
ms between each of the four frequencies relative to signal averaging, which causes latency to 
increase with increasing frequency. 
Recent research has emerged in regards to chirp-evoked ABR measures in infants. Van 
den Berg, Deiman, and van Straaten (2010) examined performance of the MB11 BERAphone 
with the chirp stimulus in comparison to the traditional ALGO portable hearing screener with the 
click stimulus for 54 NICU patients. The researchers reported that the MB11 BERAphone had a 
sensitivity (probability of obtaining refer in newborns with hearing loss) of 100% and specificity 
(probability of obtained pass in newborns with normal hearing) of 97%. Cebulla and Shehata-
Dieler (2012) also investigated the performance characteristics of the CE-Chirp in a commercial 
hearing screening system (MB11 BERAphone) for almost 7,000 newborns. Their research found 
that newborn hearing screenings could be performed in significantly less time and with a 
sensitivity of 100% and specificity was 97.9%. These findings suggested that the CE-Chirp could 
quickly and reliably screen hearing sensitivity in neonates. Subsequent research by Cebulla and 
Stürzebecher (2013) found that a high signal-to-noise ratio could be maintained at a fast rates 
(e.g., 60/s) for ABR recordings in infants, which again supports the notion of minimizing test 
time for UNHS. Cebulla et al. (2014) examined the effects of intensity on wave V amplitude for 
air-conducted CE-Chirps versus clicks in 96 newborns. They found that chirp-evoked amplitude 
was 77-100% larger for wave V, 22-46% larger for wave III, and 64-100% larger for wave I. The 
greatest differences in wave amplitudes were seen at lower intensities (i.e., 40 versus 60 dB 
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nHL). Mühler, Rahne, and Verhey (2013) retrospectively examined Wave V amplitude for chirp 
evoked ABRs in sedated infants ranging in age from birth to 48 months old. They compared their 
results to Wave V amplitudes evoked by clicks in infants reported in the literature. Mühler et al. 
also concluded that their Wave V amplitudes evoked to chirps were larger than those reported in 
the literature for similar aged infants to click stimuli. Similarly, Ferm et al. (2013) found that 
amplitudes of newborn ABRs were 64% larger to narrowband chirp stimuli than to traditional 
tone burst stimuli. 
Several studies have noted that the largest amplitude differences between ABRs to chirp 
versus click stimuli have been at lower intensity levels (Cebulla & Elberling, 2010; Cebulla et 
al., 2014). Because hearing screenings are typically conducted at a low intensity (e.g. 30 dB 
nHL), the large amplitude ABRs using chirp stimuli could be especially useful when performing 
newborn hearing screenings (Cebulla & Elberling, 2010; Cebulla, et al., 2014; Dau et al., 2000; 
Petoe, Bradley, & Wilson, 2010a).  
ABRs to chirp stimuli producing large amplitude waveforms will make it easier to track 
wave V in threshold and neuro-diagnostic testing as well. The sensitivity and specificity of the 
chirp suggest it may be comparable to the Stacked ABR for detecting small tumors (Don, 
Elberling, & Maloff, 2009; Elberling & Don, 2008). Additionally, test time is shorter with an 
ABR using a chirp stimulus versus a Stacked ABR because the chirp is able to elicit location-
specific responses from the basilar membrane in a single stimulus presentation. In regard to 
determining ABR thresholds with chirp stimuli, Stangl et al. (2013) and Maloff and Hood (2014) 
concluded that thresholds obtained using chirp stimuli approximate behavioral thresholds more 
closely than the click. Stangl et al. compared broadband CE-Chirp and click thresholds, four 
frequencies of octave band and tone burst thresholds, and behavioral thresholds at 500, 1000, 
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2000, and 4000 Hz. Maloff and Hood compared the average of behavior thresholds from 250-
8000 Hz to chirp- and click-evoked ABR thresholds in normal-hearing and hearing-impaired 
adults. Although no statistically significant differences were found between broadband chirp and 
click thresholds for either study, both studies reported that thresholds were lower for chirps than 
clicks. Maloff and Hood reported that the chirp-evoked ABR thresholds were closer to 
behavioral hearing thresholds than click-evoked thresholds for normal-hearing individuals, 
individuals with mild to moderate sensorineural hearing loss, and individuals with mild sloping 
to severe sensorineural hearing loss. Additionally, Stangl et al. showed that octave band 
thresholds were lower than tone burst thresholds for all four frequencies, and noted that the 
octave band thresholds at 500 and 2000 Hz were significantly closer to behavioral thresholds 
than tone bursts. Statistically significant larger ABR amplitudes for chirp stimuli versus 
traditional stimuli were found in both studies. Both groups of researchers suggested that chirp 
stimuli might more accurately predict hearing sensitivity.  
Historically, the click stimulus has been advocated for both neuro-diagnostic and hearing 
screening applications with newborns and young infants. Recently, as noted above, it has been 
suggested that ABR testing with the chirp stimulus is more efficient and results in larger 
amplitude waveforms. It stands to reason, then, that the chirp stimulus may be equal or superior 
to the click stimulus in terms of its ability to identify newborns with hearing loss (Petoe et al., 
2010a,b). To date, however, there has been little research conducted to examine the effects of 
manipulating multiple stimulus parameters in newborns or adults. 
Summary and Research Questions 
Over the past 50 years, considerable effort has been dedicated to the development of 
UNHS across the United States. Newborn hearing screenings have progressed from subjective 
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assessments performed only on at-risk neonates to highly sensitive objective methods of 
screening auditory sensitivity in nearly all newborns in the country. JCIH (2007), NIH (1993) 
and ASHA (2004) all support the use of either OAE or automated ABR for UNHS. Because 
OAE testing only assesses cochlear function, ABR testing remains the gold standard for 
evaluating the functioning of the peripheral and central auditory system (i.e., to the level of the 
brainstem). 
Traditionally, ABR testing has been performed using click and tone burst stimuli. 
Unfortunately, the temporal characteristics of the click stimulus limit the subsequent frequency 
response of the ABR predominately to the high frequency regions of the cochlea (Bauch & 
Olsen, 1986; Gorga et al., 1985; Jerger & Mauldin, 1978; Kileny, 1981; Kileny & Magathan, 
1987). Don et al. (1997) developed the Stacked ABR to compensate for this limitation of the 
click stimulus. However, performing a Stacked ABR requires more time than a traditional 
clinician can reasonably afford. 
 Recent research of an input-compensation technique has produced the chirp stimulus, 
which compensates for the traveling wave delay by inputting low frequency stimuli before high 
frequency stimuli (Dau et al., 2000). The temporal structure of the chirp allows for increased 
synchrony of neural firing across a broader range of frequencies than the click. Researchers have 
shown that this increased synchrony produces larger amplitude ABRs in both adults and infants, 
even at low intensity levels (Cebulla & Elberling, 2010; Cebulla & Shehata-Dieler, 2012; 
Cebulla et al., 2014; Dau, et al., 2000, Elberling & Don, 2008; Elberling et al., 2010; Elberling & 
Don, 2010; Elberling et al., 2012a; Elberling et al., 2012b, Kristensen & Elberling, 2012; Mühler 
et al., 2013; Petoe et al., 2010a,b). The large-amplitude ABRs evoked by the CE-Chirp also 
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suggest that test time may decrease compared to the click, which would be especially useful for 
newborn hearing screenings. 
Currently, however, limited research has investigated the effects of manipulating multiple 
stimulus parameters in both adults and neonates. The purpose of this project was to collect 
normative data based on a multitude of stimulus manipulations, using both air and bone-
conducted CE-Chirp and octave band stimuli in newborns and young adults. Additionally, ABR 
responses to air and bone-conducted chirp stimuli were compared to traditional ABRs to click 
and tonal stimuli in newborns. 
The aim of Experiment 1 was twofold: The first aim was to determine the peak latencies 
and amplitudes for Waves I, III, and V in newborns using air- and bone-conducted chirp stimuli 
as a function of intensity, rate, polarity, number of stimulus presentations, and frequency in 
neonates. Second, this experiment aimed to compare these peak latencies and amplitudes for 
chirp stimuli to traditional click and tonal stimuli in newborns. The hypothesis for Experiment 1 
was that the mean amplitudes for chirp-evoked ABRs would be significantly larger in neonates 
than click- and tone-evoked ABRs. It was also hypothesized that latency differences would occur 
between the chirp and click stimuli as described above. 
Experiment 2 was designed to examine the test-retest reliability of air- and bone-
conducted ABRs to the CE-Chirp in newborns. It was hypothesized that the CE-Chirp would 
have a high test-retest reliability, similar to that seen with the click stimulus (Yang et al., 1993b). 
The purpose of Experiment 3 was to examine the differences in ABR latency and 
amplitude indices to the chirp stimuli in newborns versus young adults as a function of intensity, 
rate, polarity, and frequency. It was hypothesized that adults would exhibit larger wave V 
amplitudes and earlier wave V latencies than neonates for all air-conducted ABR conditions. For 
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bone-conduction, however, it is anticipated that neonates will exhibit similar latencies due to the 
enhanced signal transmission that results from their unfused skull bones. 
The aim of Experiment 4 was to determine ABR thresholds to air- and bone-conducted 
CE-Chirp stimuli in adults and newborns. It was hypothesized that neonates and adults would 
have similar thresholds to air-conducted stimuli, as was found by Stuart et al. (1993). For bone-
conduction, however, it was hypothesized that newborns would exhibit lower ABR thresholds 
than adults due to the signal attenuation that occurs in adults as the bone-conducted signal 
disseminates among the fused cranial bones, as opposed to the membranous gaps that enhance 
signal transmission through the skull bones to the cochlea in neonates (Yang et al., 1987; Stuart 
et al., 1990).  
 
  
CHAPTER II: EXPERIMENT 1 – AUDITORY BRAINSTEM RESPONSES TO CHIRP AND 
CLICK STIMULI IN NEWBORNS 
Research has begun emerging investigating ABRs to the chirp stimulus in neonates and 
infants. Several studies determined that automated newborn hearing screening devices, which 
use chirp stimuli, have similar sensitivity and specificity (at or near 100%) to the click stimulus 
(Cebulla & Shehata-Dieler, 2012; Cebulla, Hofmann, & Shehata-Dieler, 2014; van den Berg et 
al., 2010). Prospective and retrospective studies have also found that ABR wave V amplitudes to 
broadband and octave band chirp stimuli are significantly larger than to traditional click and 
tonal stimuli in infants (Cebulla et al., 2014; Ferm et al., 2013; Mühler et al., 2013). There are no 
studies published to date, however, that compare the effects of manipulating multiple stimulus 
parameters on infant ABRs to both air- and bone-conducted CE-Chirp and click stimuli. 
Therefore, the aim of Experiment 1 was to compare the peak latencies and amplitudes for Waves 
I, III, and V in newborns using the CE-Chirp and CE-Chirp octave band stimuli versus click and 
tone burst stimuli as a function of intensity, rate, polarity, and number of stimulus presentations. 
Effects of gender and ear were also examined. 
Methods 
Participants 
Participants were 168 healthy neonates recruited from Vidant Medical Center, Greenville, 
NC, who were identified from the daily birth log provided by the Vidant Medical Center 
Audiology and Hearing Aid Center. The participants ranged in age from 11 to 104 hours (M = 
39.7 hours, SD = 18.2; 81 females and 87 males). One ear was tested on each infant – with right 
and left ears counterbalanced – for a total of 168 ears. The neonates were between 37-42 weeks 
gestational age (M = 39.1 weeks, SD = 1.3), with APGAR scores greater than or equal to 7 at 1 
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and 5 minutes, birth weight greater than or equal to 2500 g, physically and neurologically 
normal, with no risk of hearing loss, who have passed a newborn hearing screening using Natus 
ALGO® 3 or 5 automated-ABR newborn hearing screeners.  
Apparatus and Stimuli 
ABRs were obtained with 100µs air- and bone-conducted clicks, linear ramped 2-1-2 tone 
bursts, CE-Chirp, and CE-Chirp octave-band chirp stimuli. Stimuli were presented through a 3.5 
or 4 mm infant coupled to a GSI TIP-50 insert earphone or a Radioear B-71 bone vibrator. Due 
to the nature of the research procedures that were employed in the set of studies that the 
participants were drawn from, not all participants underwent testing at all stimulus conditions.  
Recording was performed in quiet rooms at Vidant Medical Center, Greenville, NC. 
Background noise was measured using a Brüel & Kjær model 2250 sound level meter. Typical 
noise levels ranged from 20-35 dBA.  
Acoustic Analysis of Experiment Stimuli 
Click, CE-Chirp, tone burst, and CE-Chirp octave band signals were analyzed using 
SpectraPRO Spectral Analysis System software (version V.3.32.17) on a Dell Latitude D630 
laptop computer.  For analyses of acoustic air-conducted stimuli, the signals were generated by 
the GSI Audera evoked potential system. The insert earphone was coupled to a 2cc coupler, 
which was connected to a Brüel & Kjær Type 2231 sound level meter. The signals were then 
routed to a Dynamic Signal Acquisition System (model ST191DSA) signal generator that 
interfaced with the Dell Latitude laptop containing the SpectraPRO software. 
For acoustic analyses of bone-conducted clicks and CE-Chirps, the signals were routed 
through a Radioear B-71 bone vibrator. The bone vibrator was coupled to a Brüel & Kjær type 
4930 artificial mastoid. The coupling force of the bone vibrator to the artificial mastoid was 
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verified to be 500 g. The signal was then routed through the Brüel & Kjær Type 2231 sound 
level meter. The sound level meter routed the stimuli to a Dynamic Signal Acquisition System 
interfaced with a Dell Latitude laptop computer containing the SpectraPRO software. 
For analyses of electrical stimuli, the signals were generated by the GSI Audera evoked 
potential system. These signals were transmitted directly from the GSI Audera evoked potential 
system to the Dynamic Signal Acquisition System (model ST191DSA) signal generator that 
interfaced with the Dell Latitude laptop containing the SpectraPRO software. 
SpectraPRO was used to digitize, store, and analyze a single stimulus presentation in 
order to generate amplitude-time waveforms for the click, CE-Chirp, tone bursts, and CE-Chirp 
octave bands. The data points were copied as text files and transferred to Microsoft Notepad. 
These text files were then imported into DeltaGraph 7 (version 7.0.1) to create the figures below.  
SpectraPRO FFT software was utilized to perform FFT on the samples of experimental 
stimuli. The settings for sampling rate, decimation ratio, FFT size, and smoothing window were 
specified to configure the FFT’s. The sampling rate determines the number of times per second 
(Hz) that the analog signal is sampled in order to generate the digital representation of the analog 
signal. A sampling rate of 48,000 Hz was used. The decimation ratio also refers to the number of 
samples used to represent signal by potentially averaging multiple samples together to produce 
one sample. A decimation ratio of 3:1 means that three samples are averaged together to create 
one sample. The decimation ratio used in this study was 1:1, which means that the samples were 
not averaged and the original signal was not modified. The FFT size has a direct relationship 
with the frequency resolution of the signal. As FFT size increases, the frequency resolution 
increases. The FFT size is equal to twice the number of spectral points. For this study, 512 points 
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were used, which equates to an FFT size of 1024. Finally, a Hanning smoothing window was 
used to minimize the amount of spectral energy leakage between frequency regions. 
The FFT data points generated by SpectraPRO were copied as text files and transferred to 
Microsoft Notepad. These text files were then imported into DeltaGraph 7 (version 7.0.1) to 
create the figures below. Figure 4 shows the temporal waveform of the click and CE-Chirp using 
condensation and rarefaction polarities. Figure 5 and 6 show the waveforms of CE-Chirp octave 
bands and tone bursts, respectively, using condensation and rarefaction polarities. Figure 7 
displays the amplitude-time waveform of bone-conducted click and CE-Chirp stimuli using 
condensation and rarefaction polarities. 
Figure 8 through Figure 16 illustrate the FFTs of the experimental stimuli. Figure 8 
shows the spectral content of the CE-Chirp versus the click. Figure 9 through Figure 12 display 
the FFT for the CE-Chirp, click, CE-Chirp octave bands, and tone bursts, respectively, using 
condensation and rarefaction polarities. Figure 13 compares the spectral content of tone bursts 
and CE-Chirp octave bands. Figures 14, 15, and 16 display spectra for air- versus bone-
conducted CE-Chirps and clicks. 
Stimulus Calibration 
The manufacturer, GSI, calibrated the CE-Chirp and CE-Chirp octave band stimuli using 
reference threshold levels from the International Organization for Standardization 389-6 (2007). 
Reference threshold levels for air- and bone-conducted clicks were adopted from Yang, Stuart, 
Stenstrom, & Green (1993b). Reference threshold levels for tone burst stimuli were adopted 
from Stapells (2000).  
Reference threshold levels for air-conducted stimuli (0 dB nHL) were assessed in a 2 cm3 
HA2 coupler (Brüel & Kjær DB-Type 1038), sound level meter (Brüel & Kjær Type 2231), and 
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Figure 4. Amplitude-time waveform of air-conducted CE-Chirp (left) and click (right), 
respectively, as a function of polarity (condensation in solid; rarefaction in dashed). 
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Figure 5. Amplitude-time waveform of air-conducted CE-Chirp octave band stimuli as a 
function of frequency and polarity (condensation in solid; rarefaction in dashed). 
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Figure 6. Amplitude-time waveform of air-conducted tone burst stimuli as a function of 
frequency and polarity (condensation in solid; rarefaction in dashed). 
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Figure 7. Amplitude-time waveform of bone-conducted CE-Chirp (left) and click (right), 
respectively, as a function of polarity (condensation in solid; rarefaction in dashed). 
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Figure 8. FFT as a function of air-conducted CE-Chirp (solid line) and click (dashed line) using 
condensation polarity. 
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Figure 9. FFT of air-conducted CE-Chirp as a function of condensation (solid line) and 
rarefaction (dashed line) polarities. 
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Figure 10. FFT of air-conducted click as a function of condensation (solid line) and rarefaction 
(dashed line) polarities.  
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Figure 11. FFT as a function of air-conducted CE-Chirp octave band frequency and polarity 
(condensation in solid; rarefaction in dashed). 
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Figure 12. FFT as a function of air-conducted tone burst frequency and polarity (condensation in 
solid; rarefaction in dashed). 
-10
0
10
20
30
40
50
60
70
80
100 1000 10000
Re
lat
ive
 A
m
pli
tu
de
 (d
B)
-10
0
10
20
30
40
50
60
70
80
100 1000 10000
-10
0
10
20
30
40
50
60
70
80
100 1000 10000
Re
lat
ive
 A
m
pli
tu
de
 (d
B)
Frequency (Hz)
0
10
20
30
40
50
60
70
80
100 1000 10000
Frequency (Hz)
500 Hz
4000 Hz2000 Hz
1000 Hz
  63 
 
 
Figure 13. FFT as a function of air-conducted stimulus (CE-Chirp octave bands in solid; tone 
bursts in dashed) and frequency using condensation polarity. 
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Figure 14. FFT as a function of bone-conducted CE-Chirp (solid line) and click (dashed line) 
using condensation polarity. 
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Figure 15. FFT of CE-Chirp as a function of transducer (air-conduction in solid line; bone-
conduction in dashed line). 
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Figure 16. FFT of click as a function of transducer (air-conduction in solid line; bone-conduction 
in dashed line). 
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pressure condenser microphone (Brüel & Kjær Type 4144). Reference threshold values for bone- 
conducted stimuli (re: 1 dyne) were assessed with a sound level meter (Brüel & Kjær Type 2231) 
and an artificial mastoid (Brüel & Kjær Type 4930). The reference levels are shown in Table 3. 
Reference threshold levels for air-conducted stimuli (0 dB nHL) were assessed in a 2 cm3 
HA2 coupler (Brüel & Kjær DB-Type 1038), sound level meter (Brüel & Kjær Type 2231), and 
pressure condenser microphone (Brüel & Kjær Type 4144). Reference threshold values for bone-
conducted stimuli (re: 1 dyne) were assessed with a sound level meter (Brüel & Kjær Type 2231) 
and an artificial mastoid (Brüel & Kjær Type 4930). The reference levels are shown in Table 3. 
Procedure 
The East Carolina University and Medical Center Institutional Review Board approved 
this research study prior to data collection or participant recruitment (see Appendix B). Parent(s) 
of eligible neonates were identified and solicited for participation in their private rooms in the 
Vidant Medical Center by a member of the research team and were provided informed consent 
before testing began (see Appendix C). Demographic and other pertinent participant data were 
collected following consent with an intake form (see Appendix D). 
ABRs to monaural stimuli were acquired with participants in natural sleep. ABRs were 
recorded using air- and bone-conducted click and CE-Chirp stimuli and using air-conduction to 
tone burst and CE-Chirp octave band stimuli. Stimuli were delivered through a GSI model TIP-
50 transducer coupled to a 3.5 or 4 mm infant insert eartips and a Radioear B-71 bone vibrator. 
The bone vibrator was placed in a supero-posterior auricular position during stimulus delivery. 
An elastic band with Velcro was used to hold the bone vibrator in place. The coupling force was 
verified to be 425 ± 25 g by attaching fishing line to the bone vibrator and pulling it with a  
  
  68 
Table 3. Reference Calibration Levels for Air- and Bone-Conducted CE-Chirp, Click, CE-Chirp 
Octave Band, and Tone burst Stimuli. 
Stimulus  dB pSPL  
(0 dB nHL) 
re: 1 dyne  
(0 dB nHL) 
CE-Chirp 25.1 32.8 
Click 37.0 35.0 
500 Hz CE-Chirp Octave Band 27.2 61.1 
1000 Hz CE-Chirp Octave Band 27.1 45.7 
2000 Hz CE-Chirp Octave Band 27.6 47.0 
4000 Hz CE-Chirp Octave Band 29.9 49.0 
500 Hz Tone burst 25.0 50.0 
1000 Hz Tone burst 28.0 37.0 
2000 Hz Tone burst 23.0 32.0 
4000 Hz Tone burst 29.0 24.0 
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spring scale until it just clears the scalp, as described by Yang and Stuart (1990), Yang, Stuart, 
Mencher, Mencher, and Vincer (1993a) and Yang et al. (1991).  
An ipsilateral recording montage was used with the noninverting electrode on the high-
forehead (Fpz), inverting electrode on the ipsilateral inferior petrous portion of the temporal bone, 
and ground electrode on the contralateral inferior petrous portion of the temporal bone. 
Interelectrode impedances were maintained below 5000 Ω. The recorded electroencephalogram 
(EEG) was amplified 105 and bandpass filtered (30 to 3000 Hz). EEG samples exceeding ± 25 
µV were rejected automatically. Analysis times of 13 ms post-stimulus for click and CE-Chirp 
and 25 ms post-stimulus for tone burst and CE-Chirp octave bands were sampled at 25,000 Hz. 
A total of 1026, 2044, 2030, and 2028 samples were averaged and replicated for 8.7, 27.7, 57.7, 
and 77.7/s, respectively. A total of 2,052 samples were averaged and replicated for tone burst 
and CE-Chirp octave band stimuli. 
The presence of ABR waveform components was determined independently by the 
author and a second researcher, who has more than 25 years experience recording ABRs. For 
clicks and CE-Chirps, Wave I was identified as the first replicable positive peak after 1 ms. 
Wave III was identified as the first replicable positive peak after 3 ms. Wave V was identified as 
the first replicable positive peak after 5 ms. Replication was defined as two waveforms with 
identifiable wave peaks within 0.15 ms. If the wave V component was trough-like, round, or 
bimodal, the last point before rapid negative reflection was identified as the peak. Wave 
amplitude was measured from the peak to the most negative following trough within 3 ms before 
positive deflection. For tone burst stimuli in neonates, wave V was identified as the first 
replicable peak after 7 ms for 4000 Hz, 7.5 ms for 2000 Hz, 8 ms for 1000 Hz, and 9 ms for 500 
Hz. Based on the data reported by Stangl et al. (2013), wave V to CE-Chirp octave band stimuli 
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was identified as the first replicable peak after 5 ms at 4000 Hz, 5 ms at 2000 Hz, 4 ms at 1000 
Hz, and. 2 ms at 500 Hz. 
Intensity 
To examine effects of intensity, air-conducted click and CE-Chirp stimuli were presented 
at 30, 45, and 60 dB nHL at a rate of 57.7/s with alternating polarity. Bone-conducted stimuli 
were presented at 15, 30, and 45 dB nHL at a rate of 57.7/s with alternating polarity.  
Rate 
To examine effects of rate, air-conducted click and CE-Chirp stimuli were presented at 
60 dB nHL at rate of 8.7, 27.7, 57.7, and 77.7/s with alternating polarity.  
Polarity 
To examine effects of polarity, air-conducted click and CE-Chirp stimuli were presented 
at 60 dB nHL at rate of 8.7 and 77.7/s with rarefaction, condensation, and alternating polarity.  
Stimulus Presentations 
Click and CE-Chirp stimuli were presented at 30 dB nHL at a rate of 57.7/s (Yang et al., 
1993a). ABRs were recorded with stimulus presentation, or sweeps, increasing exponentially in 
number: 116, 232, 464, 928, and 1856 repeated twice with each stimulus.3 The presentation of 
stimulus and sweeps were randomized across participants. 
Frequency-Specific Stimuli 
Tone burst and CE-Chirp octave band stimuli centered at 500, 1000, 2000, and 4000 Hz. 
Both stimuli were presented at a rate of 37.7/s. 
                                                
3 With the GSI Audera (V2.7 software) there is an inter-relationship between stimulus repetition 
rate and number of sweeps. Additionally, the number of sweeps will increase or decrease at a 
fixed increment and that increment amount is related to the repetition rate. When the repetition 
rate of 57.7 was selected, it was not possible to set our sweep condition numbers to a preferred 
exponentiation of 2n. The closest approximate of 27 was 116 sweeps, which was adopted and 
doubled at each successive sweep condition. 
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Results 
As mentioned above, due to the nature of the research procedures that were employed, 
not all participants underwent testing at all stimulus conditions. Therefore, the means and 
standard deviations presented in the summary tables for Experiment 1 represent the data 
collected from all of the infants tested, regardless of the number of test conditions that were 
utilized. The statistical analyzes presented in the analysis of variance (ANOVA) and post-hoc t-
test tables, however, are representative of only those infants whose testing contained all values 
for the parameter of interest. In other words, a case-wise deletion was undertaken using SPSS 
Statistics software Version 20. The figures displayed for Experiment 1 also reflect the values that 
were used in ANOVA and post-hoc analyses. 
For Experiment 1, preliminary analyses revealed no statistically significant ear 
differences for ABR latency and amplitude in newborns. Preliminary analyses also showed that 
wave V latencies for female participants were approximately 0.1-0.3 ms earlier than males’; 
however, this difference was not statistically significant. Therefore, data were collapsed across 
gender and ear for the final analyses of Experiment 1. 
Effects of Intensity 
Air Conductiom 
Wave V latency 
Representative waveforms for ABRs to CE-Chirps and clicks as a function of intensity 
are shown in Figure 16. Mean and standard deviations for infant wave V latencies as a function 
of air-conducted stimulus and intensity are shown in Table 4. Latency-intensity functions are 
shown in Figure 18. Box plots (Figure 19) were also constructed to visualize data and check the 
assumption of normalcy. As a rule of thumb, the ratio of the largest to smallest standard  
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Figure 17. Representative ABR waveforms from participant N147 with wave V labeled as a 
function of AC stimulus (CE-Chirps in top window and clicks in bottom window) and intensity 
(60, 45, and 30 dB nHL top to bottom). 
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Table 4. Neonate ABR Wave V Mean Peak Latencies (in ms) and Standard Deviations as a 
Function of Air-Conducted Stimulus and Intensity. 
Intensity 
(dB nHL) 
 
Click CE-Chirp 
60   
M 7.66 7.79 
(SD) (.43) (.57) 
N 23 43 
45   
M 8.09 8.47 
(SD) (.40) (.57) 
N 22 41 
30   
M 8.69 9.03 
(SD) (.42) (.47) 
N 32 59 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Figure 18. Wave V mean peak latencies (in ms) as a function of air-conducted stimulus and 
intensity in neonates. Error bars represent +/- one SD of the mean. Asterisks denote statistically 
significant differences between CE-Chirp and click (p < .05). 
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Figure 19. Boxplots of latency as a function of air-conducted stimulus and intensity in neonates. 
The top, bottom, and line through the middle of the box denotes to the 75th percentile, 25th 
percentile, and 50th percentile (median) respectively. The whiskers extend from the 10th to 90th 
percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The circles and squares 
in the boxes denote mean values. 
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deviation should be less than 2. In the case of boxplots, the length of one box (i.e., the 
interquartile range which is a measure of spread) should not be more than twice the length of the 
other box. No outliers or highly skewed data were seen.  
A two-factor repeated measures ANOVA was conducted to examine latency differences 
to air-conducted stimuli as a function of stimulus and intensity. The ANOVA summary for wave 
V latency is presented in Table 5. Mauchly’s Test of Sphericity was used to test the compound 
symmetry assumption. For instances in which Mauchly’s test indicated that the sphericity 
condition was not satisfied, the degrees of freedom and p values were adjusted and Greenhouse-
Geisser values were reported instead. Statistically significant main effects of intensity (p < 
.0001) and stimulus (p < .0001) were found. Mean wave V latencies increased as intensity 
decreased. A statistically significant two-way interaction of stimulus and intensity (p < .0001) 
was found. Paired samples t-tests were performed to examine the differences in mean wave V 
latencies between stimuli at each intensity level (see Table 6). CE-Chirps had significantly 
longer latencies at 30 and 45 dB nHL (p < .0001). Boxplots of theses differences were also 
constructed to address the assumptions of the paired t-tests (see Figure 20). There appeared to be 
no obvious violations from a normal distribution for differences. Equal variances were assumed 
for these t-tests based on the rule of thumb that the ratio of the largest to smallest interquartile 
ranges was less than two (i.e., that the longest box is less than twice the length of the shortest 
boxplot). 
Wave V amplitude 
Means and standard deviations for infant wave V amplitudes as a function of stimulus 
and intensity are shown in Table 7. Figure 21 depicts amplitude-intensity relationships for air-
conducted stimuli. No outliers or highly skewed data were seen in the boxplots in Figure 22.  
  77 
Table 5. Summary of Two-Factor Repeated Measures ANOVA Comparing Differences Between 
Wave V Mean Peak Latencies (in ms) as a Function of Stimulus (i.e., Click and CE-Chirp) and 
Intensity (i.e., 60, 45, and 30 dB nHL) in Neonates. 
Source Sum of Squares df Mean Square F p η!!    
Stimulus 2.03 1 2.03 35.80 <.0001** 0.65 
Intensity 28.46 1.50 18.94 441.25 <.0001**a .96 
Stimulus x Intensity .60 2 .30 9.84 <.0001** .34 
Note. N = 20 for ANOVA; *statistically significant at p < .05; **lower bound statistically 
significant at p < .05; aGreenhouse-Geisser value. 
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Table 6. Summary of Paired-Samples t-tests Examining the Interaction of Air-Conducted 
Stimulus and Intensity on Wave V Mean Peak Latencies (in ms) in Neonates. 
 Paired Differences 
   
95% CI of the 
Difference 
 
   
Pair Mean 
Difference 
 
SD Lower Upper t df p 
Click vs. CE-Chirp  
at 60 dB nHL 
-.07 .28 -.19 .06 -1.12 22 .27 
Click vs. CE-Chirp  
at 45 dB nHL 
-.31 .30 -.45 -.18 -4.77 20 <.0001* 
Click vs. CE-Chirp  
at 30 dB nHL 
-.32 .30 -.43 -.21 -5.98 30 <.0001* 
Note. N = 23 for 60 dB nHL, N = 21 for 45 dB nHL, N = 31 for 30 dB nHL for t-tests; 
*statistically significant at p < .05. 
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Figure 20. Boxplots of paired latency differences as a function of intensity in neonates. The top, 
bottom, and line through the middle of the box denotes to the 75th percentile, 25th percentile, 
and 50th percentile (median) respectively. The whiskers extend from the 10th to 90th percentile. 
Outliers beyond the 10th and 90th percentiles are not plotted. The squares in the boxes denote 
mean values. 
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Table 7. Neonate ABR Wave V Mean Peak Amplitudes (in µV) and Standard Deviations as a 
Function of Air-Conducted Stimulus and Intensity. 
Intensity (dB nHL) 
 
Click CE-Chirp 
60   
M .35 .50 
(SD) (.12) (.15) 
N 23 43 
45   
M .25 .40 
(SD) (.08) (.13) 
N 22 41 
30   
M .23 .34 
(SD) (.09) (.11) 
N 32 59 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
 
  81 
 
 
Figure 21. Wave V mean peak amplitudes (in µV) as a function of air-conducted stimulus and 
intensity in neonates. Error bars represent plus one SD of the mean. Asterisks denote statistically 
significant differences between CE-Chirp and click (p < .05). 
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Figure 22. Boxplots of amplitude as a function of air-conducted stimulus and intensity in 
neonates. The top, bottom, and line through the middle of the box denotes to the 75th percentile, 
25th percentile, and 50th percentile (median) respectively. The whiskers extend from the 10th to 
90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The circles and 
squares in the boxes denote mean values. 
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A two-factor repeated measures ANOVA was also conducted to examine amplitude 
differences to air-conducted stimuli as a function of stimulus and intensity level (see Table 8). 
Again, when Mauchly’s Test showed that the sphericity condition was not satisfied, Greenhouse-
Geisser values were reported instead. Statistically significant main effects of intensity (p < 
.0001) and stimulus (p < .0001) and a statistically significant stimulus by intensity interaction (p 
< .05) were found.  
Mean wave V amplitudes decreased as intensity decreased. Paired samples t-tests were 
performed to examine the differences in mean wave V amplitudes between stimuli at each 
intensity level (see Table 8). CE-Chirp amplitudes were significantly greater than click 
amplitudes at all intensity levels (p < .0001). Boxplots show no obvious violations from a normal 
distribution for differences (see Figure 23). Again, equal variances were assumed based on the 
rule of thumb that the ratio of the largest to smallest interquartile ranges was less than two (i.e., 
that the longest box is less than twice the length of the shortest boxplot). 
Bone Conduction 
Wave V latency 
Representative waveforms for ABRs to CE-Chirps and clicks as a function of intensity 
are shown in Figure 24. Means and standard deviations for infant wave V latencies as a function 
of bone-conducted stimuli and intensity are shown in Table 10. Latency-intensity functions for 
bone-conducted stimuli are shown in Figure 25. No outliers or highly skewed data were seen in 
the boxplots in Figure 26.  
A two-factor repeated measures ANOVA was conducted to examine latency differences 
to bone-conducted stimuli as a function of stimulus and intensity level. The ANOVA summary is   
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Table 8. Summary of Two-Factor Repeated Measures ANOVA Comparing Differences Between 
Wave V Mean Peak Amplitudes (in µV) as a Function of Air-Conducted Stimulus (i.e., Click and 
CE-Chirp) and Intensity (i.e., 60, 45, and 30 dB nHL) in Neonates. 
Source Sum of Squares df Mean Square F p η!!    
Stimulus .82 1 .82 36.76 <.0001** .66 
Intensity .60 1.53 .39 71.35 <.0001**a .79 
Stimulus x Intensity .02 1.29 .02 4.02 .047*a .18 
Note. N = 20 for ANOVA; * statistically significant at p < .05; ** lower bound statistically 
significant at p < .05; a Greenhouse-Geisser value. 
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Table 9. Summary of Paired-Samples t-tests Examining the Interaction of Air-Conducted 
Stimulus and Intensity on Wave V Mean Peak Amplitudes (in µV) in Neonates. 
 Paired Differences 
   
95% CI of the 
Difference 
 
   
Pair Mean 
Difference 
 
SD Lower Upper t df p 
Click vs. CE-Chirp 
at 60 dB nHL 
-.18 .15 -.25 -.12 -5.87 22 <.0001* 
Click vs. CE-Chirp  
at 45 dB nHL 
-.17 .14 -.24 -.11 -5.67 20 <.0001* 
Click vs. CE-Chirp  
at 30 dB nHL 
-.12 .10 -.15 -.08 -6.95 30 <.0001* 
Note: N = 23 for 60 dB nHL, N = 21 for 45 dB nHL, N = 31 for 30 dB nHL for t-tests; * 
statistically significant at p < .05. 
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Figure 23. Boxplots of paired amplitude difference as a function of intensity in neonates. The 
top, bottom, and line through the middle of the box denotes to the 75th percentile, 25th 
percentile, and 50th percentile (median) respectively. The whiskers extend from the 10th to 90th 
percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The squares in the 
boxes denote the mean values. 
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Figure 24. Representative ABR waveforms from participant N129 with wave V labeled with 
wave V labeled as a function of BC stimulus (CE-Chirps in top window and clicks in bottom 
window) and intensity (45, 30, and 15 dB nHL top to bottom). 
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Table 10. Neonate ABR Wave V Mean Peak Latencies (in ms) and Standard Deviations as a 
Function of Bone-Conducted Stimulus and Intensity. 
Intensity (dB nHL) Click CE-Chirp 
45   
M 8.12 7.88 
(SD) (.49) (.83) 
N 21 34 
30   
M 8.68 8.78 
(SD) (.46) (.69) 
N 22 37 
15   
M 9.34 9.58 
(SD) (.57) (.75) 
N 20 34 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Figure 25. Wave V mean peak latencies (in ms) as a function of bone-conducted stimulus and 
intensity in neonates. Error bars represent +/- one SD of the mean. Asterisks denote statistically 
significant differences between CE-Chirp and click (p < .05). 
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Figure 26. Boxplots of latency as a function of bone-conducted stimulus and intensity in 
neonates. The top, bottom, and line through the middle of the box denotes to the 75th percentile, 
25th percentile, and 50th percentile (median) respectively. The whiskers extend from the 10th to 
90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The circles and 
squares in the boxes denote mean values. 
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shown in Table 11. Greenhouse-Geisser values were reported when Mauchly’s Test showed that 
the sphericity condition was not satisfied. A statistically significant main effect of intensity (p < 
.0001) and statistically significant two-way interaction of intensity and stimulus (p < .05) were 
found. No statistically significant main effect of stimulus (p > .05) was seen. Mean wave V 
latencies increased as intensity decreased. Paired samples t-tests were performed to examine the 
differences in mean wave V latencies between stimuli at each intensity level (see Table 12). CE-
Chirps had significantly longer latencies at 15 and 30 dB nHL (p ≤ .05). Boxplots show no 
obvious violations from a normal distribution for differences (see Figure 27). Again, equal 
variances were assumed based on the ratio of the largest to smallest interquartile ranges was less 
than two (i.e., that the longest box is less than twice the length of the shortest boxplot). 
Wave V amplitude 
Means and standard deviations for infant wave V amplitudes as a function of bone-
conducted stimulus and intensity are shown in Table 13. Figure 28 depicts amplitude-intensity 
relationships for bone-conducted stimuli. No outliers or highly skewed data were seen in the 
boxplots in Figure 29.  
A two-factor repeated measures ANOVA was also conducted to examine amplitude 
differences to bone-conducted stimuli as a function of stimulus and intensity (see Table 14). 
Greenhouse-Geisser values were reported when sphericity could not be assumed. Statistically 
significant main effects of intensity (p < .0001) and stimulus (p < .05) were found. Mean wave V 
amplitudes decreased as intensity decreased. CE-Chirp amplitudes were significantly greater 
than click amplitudes at all intensity levels (p < .05). 
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Table 11. Summary of Two-Factor Repeated Measures ANOVA Comparing Differences Between 
Wave V Mean Peak Latencies (in ms) as a Function of Bone-Conducted Stimulus (i.e., Click and 
CE-Chirp) and Intensity (i.e., 45, 30, and 15 dB nHL) in Neonates. 
Source Sum of Squares df Mean Square F p η!!    
Stimulus .80 1 .80 3.68 .07 .17 
Intensity 44.73 2 22.36 242.78 <.0001**a .93 
Stimulus x Intensity 1.43 1.38 1.04 9.64 .002**a .35 
Note. N = 19 for ANOVA; * statistically significant at p < .05; ** lower bound statistically 
significant at p < .05; a Greenhouse-Geisser value. 
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Table 12. Summary of Paired-Samples t-tests Examining the Interaction of Bone-Conducted 
Stimulus and Intensity on Wave V Mean Peak Latencies (in ms) in Neonates. 
 Paired Differences 
   
95% CI of the 
Difference 
 
   
Pair Mean 
Difference 
SD Lower Upper t df p 
Click vs. CE-Chirp  
at 45 dB nHL 
.10 .63 -.20 .39 .70 19 .50 
Click vs. CE-Chirp  
at 30 dB nHL 
-.23 .43 -.42 -.04 -2.46 20 .02* 
Click vs. CE-Chirp  
at 15 dB nHL 
-.47 .44 -.68 -.27 -4.81 19 <.0001* 
Note. N = 20 for 45 dB nHL, N = 21 for 30 dB nHL, N = 20 for 15 dB nHL for t-tests; * 
statistically significant at p < .05. 
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Figure 27. Boxplots of paired latency  differences as a function intensity in neonates. The top, 
bottom, and line through the middle of the box denotes to the 75th percentile, 25th percentile, 
and 50th percentile (median) respectively. The whiskers extend from the 10th to 90th percentile. 
Outliers beyond the 10th and 90th percentiles are not plotted. The squares in the boxes denote 
the mean values. 
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Table 13. Neonate ABR Wave V Mean Peak Amplitudes (in µV) and Standard Deviations as a 
Function of Bone-Conducted Stimulus and Intensity. 
Intensity (dB nHL) Click CE-Chirp 
45   
M .50 .61 
(SD) (.27) (.37) 
N 21 34 
30   
M .30 .43 
(SD) (.12) (.13) 
N 22 37 
15   
M .16 .28 
(SD) (.09) (.11) 
N 20 34 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Figure 28. Wave V mean peak amplitudes (in µV) as a function of bone-conducted stimulus and 
intensity in neonates. Error bars represent plus one SD of the mean. Asterisks denote statistically 
significant differences between CE-Chirp and click (p < .05). 
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Figure 29. Boxplots of amplitude as a function of bone-conducted stimulus and intensity in 
neonates. The top, bottom, and line through the middle of the box denotes to the 75th percentile, 
25th percentile, and 50th percentile (median) respectively. The whiskers extend from the 10th to 
90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The circles and 
squares in the boxes denote mean values. 
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Table 14. Summary of Two-Factor Repeated Measures ANOVA Comparing Differences Between 
Wave V Mean Peak Amplitudes (in µV) as a Function of Bone-Conducted Stimulus (i.e., Click 
and CE-Chirp) and Intensity (i.e., 45, 30, and 15 dB nHL) in Neonates. 
Source Sum of Squares df Mean Square F p η!!    
Stimulus .73 1 .73 12.82 .002** .42 
Intensity 2.65 1.14 2.32 23.37 <.0001**a .57 
Stimulus x Intensity .01 1.09 .01 .13 .75a .01 
Note. N = 19 for ANOVA; * statistically significant at p < .05; ** lower bound statistically 
significant at p < .05; a Greenhouse-Geisser value. 
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Effects of Rate 
Wave V Latency 
Representative waveforms for ABRs to CE-Chirps and clicks as a function of intensity 
are shown in Figure 30. Means and standard deviations for infant wave V latencies as a function 
of air-conducted stimulus and rate at 60 dB nHL are shown in Table 15. Latency-rate functions 
are shown in Figure 31. No outliers or highly skewed data were seen in the boxplots in Figure 
32. 
Paired samples t-tests were performed to examine the differences in mean wave V 
latencies between stimuli at each rate (see Table 16). Wave V latencies were significantly  
different between click and chirp stimuli at rates of 8.7/s and 27.7/s (p < .05). CE-Chirps had 
significantly shorter (p < .05) mean wave V latencies at those two rates. At rates of 57.7/s and 
77.7/s, the mean wave V latency difference between clicks and chirps was not statistically 
significant (p > .05). Boxplots show no obvious violations from a normal distribution for 
differences (see Figure 33). Equal variances were for assumed these t-tests based on the rule of 
thumb that the ratio of the largest to smallest interquartile ranges was less than two (i.e., that the 
longest box is less than twice the length of the shortest boxplot). 
Wave V Amplitude 
Means and standard deviations for infant wave V amplitudes as a function of stimulus 
and rate are shown in Table 17. Amplitude-rate functions are shown in Figure 34. No outliers or 
highly skewed data were seen in the boxplots in Figure 35. Paired samples t-tests were 
performed to examine differences in mean wave V amplitude between stimuli at each rate (see 
Table 18). Wave V amplitudes were significantly different between click and chirp stimuli at all 
four rates (p < .0001). CE-Chirps had significantly larger mean wave V amplitudes at every rate  
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Figure 30. Representative ABR waveforms from participant N161 with wave V labeled as a 
function of AC stimulus (CE-Chirps in top window and clicks in bottom window) and rates (8.7, 
27.7, 57.7, and 77.7/s top to bottom). 
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Table 15. Neonate ABR Wave V Mean Peak Latencies (in ms) and Standard as a Function of 
Rate and Stimulus. 
Rate (/s) Click CE-Chirp 
8.7   
M 7.00 6.70 
(SD) (.50) (.57) 
N 20 22 
27.7   
M 7.29 7.08 
(SD) (.28) (.37) 
N 20 20 
57.7   
M 7.66 7.79 
(SD) (.43) (.57) 
N 23 43 
77.7   
M 7.90 8.00 
(SD) (.50) (.67) 
N 22 22 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Figure 31. Wave V mean peak latencies (in ms) as a function of air-conducted stimulus and rate 
in neonates. Error bars represent +/- one SD of the mean. Asterisks denote statistically significant 
differences between CE-Chirp and click (p < .05). 
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Figure 32. Boxplots of latency as a function of stimulus and rate in neonates. The top, bottom, 
and line through the middle of the box denotes to the 75th percentile, 25th percentile, and 50th 
percentile (median) respectively. The whiskers extend from the 10th to 90th percentile. Outliers 
beyond the 10th and 90th percentiles are not plotted. The circles and squares in the boxes denote 
mean values. 
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Table 16. Summary of Paired-Samples t-tests Examining the Relationship Between Stimulus and 
Rate on Wave V Mean Peak Latencies (in ms) in Neonates. 
 Paired Differences 
 
  
95% CI of the 
Difference 
    
Pair Mean 
Difference 
SD Lower Upper t df p 
Click vs. CE-Chirp at 8.7/s .33 .37 .16 .51 4.00 19 .001* 
Click vs. CE-Chirp at 27.7/s .21 .32 .07 .36 3.02 19 .007* 
Click vs. CE-Chirp at 57.7/s -.07 .28 -.19 .06 -1.12 22 .27 
Click vs. CE-Chirp at 77.7/s -.13 .46 -.34 .08 -1.30 20 .21 
Note. N = 20 for 8.7 and 27.7, 23 for 57.7 and 21 for 77.7; * statistically significant at p < .05. 
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Figure 33. Boxplots of paired latency differences as a function of rate in neonates. The top, 
bottom, and line through the middle of the box denotes to the 75th percentile, 25th percentile, 
and 50th percentile (median) respectively. The whiskers extend from the 10th to 90th percentile. 
Outliers beyond the 10th and 90th percentiles are not plotted. The squares in the boxes denote 
the mean values. 
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Table 17. Neonate ABR Wave V Peak Amplitudes (in µV) as a Function of Rate and Stimulus. 
Rate (/s) Click CE-Chirp 
8.7   
M .32 .57 
(SD) (.11) (.15) 
N 20 22 
27.7   
M .37 .60 
(SD) (.11) (.15) 
N 20 20 
57.7   
M .35 .50 
(SD) (.12) (.15) 
N 23 43 
77.7   
M .25 .46 
(SD) (.07) (.17) 
N 22 22 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Figure 34. Wave V mean peak amplitudes (in µV) as a function of air-conducted stimulus and 
rate in neonates. Error bars represent plus one SD of the mean. Asterisks denote statistically 
significant differences between CE-Chirp and click (p < .05). 
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Figure 35. Boxplots of amplitude as a function of stimulus and rate in neonates. The top, bottom, 
and line through the middle of the box denotes to the 75th percentile, 25th percentile, and 50th 
percentile (median) respectively. The whiskers extend from the 10th to 90th percentile. Outliers 
beyond the 10th and 90th percentiles are not plotted. The circles and squares in the boxes denote 
mean values. 
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Table 18. Summary of Paired-Samples t-tests Examining the Relationship Between Stimulus and 
Rate on Wave V Mean Peak Amplitude (in µV) in Neonates. 
 Paired Differences 
 
  
95% CI of the 
Difference 
    
Pair Mean 
Difference 
SD Lower Upper t df p 
Click vs. CE-Chirp at 8.7/s -.26 .14 -.32 -.19 -7.91 19 <.0001* 
Click vs. CE-Chirp at 27.7/s -.23 .11 -.28 -.18 -9.28 19 <.0001* 
Click vs. CE-Chirp at 57.7/s -.18 .15 -.25 -.12 -5.87 22 <.0001* 
Click vs. CE-Chirp at 77.7/s -.22 .13 -.28 -.16 -7.98 20 <.0001* 
Note. N = 20 for 8.7 and 27.7, 23 for 57.7 and 21 for 77.7; * statistically significant at p < .05. 
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Figure 36. Boxplots of paired amplitude differences as a function of rate in neonates. The top, 
bottom, and line through the middle of the box denotes to the 75th percentile, 25th percentile, 
and 50th percentile (median) respectively. The whiskers extend from the 10th to 90th percentile. 
Outliers beyond the 10th and 90th percentiles are not plotted. The squares in the boxes denote 
the mean values. 
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(p < .0001). Boxplots show no obvious violations from a normal distribution for differences see 
Figure 36). Equal variances were for assumed these t-tests based on the rule of thumb that the 
ratio of the largest to smallest interquartile ranges was less than two (i.e., that the longest box is 
less than twice the length of the shortest boxplot). 
Effects of Polarity 
Presence of Waves I, III, and V 
Representative waveforms for ABRs to CE-Chirps and clicks as a function of intensity 
are shown in Figure 37. Table 19 and Figure 38 show the percentage of ABRs in infants that 
contained waves I, III and V, as a function of air-conducted stimulus and polarity at 60 dB nHL 
when using a rate of 8.7/s. In general, waves I and III were present more often with the click 
stimulus than the CE-Chirp stimulus, regardless of polarity used. Table 20 provides means and 
standard deviations for the latencies of waves I, III and V to click and CE-Chirp stimuli 
presented using condensation and rarefaction polarities using a rate of 8.7/s. 
Wave V Latency 
Means and standard deviations for infant wave V latencies using condensation and 
rarefaction polarities using a rate of 77.7/s can be found in Table 21. Figure 39 depicts the 
relationships between polarity, rate, and latency for click and CE-Chirp stimuli. No outliers or 
highly skewed data were seen in the boxplots in Figure 40. 
A three-factor ANOVA was used to examine latency differences as a function of 
stimulus, polarity, and rate. The ANOVA summary is shown in Table 22. Greenhouse-Geisser 
values are reported when Mauchly’s Test showed that the sphericity condition was not satisfied. 
The main effect of rate (p < .0001) and two-way stimulus by rate interaction (p < .001) were 
significant. No statistically significant main effects of stimulus or polarity were seen (p > .05). 
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Figure 37. Representative ABR waveforms from participant N30 with wave V labeled as a 
function of AC stimulus (CE-Chirp in top window and clicks in bottom window) at 8.7 (top 
waves) and 77.7/s (bottom waves) and polarity (condensation on top and rarefaction on bottom). 
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Table 19. Percentage of Presence of Waves I, III, and V as a Function of Stimulus and Polarity 
in Neonates at 60 dB nHL with a rate of 8.7/s. 
 Wave I 
 Polarity 
Stimulus Alternating Condensation Rarefaction 
Click 0/18 (0%) 14/18 (78%) 11/18 (61%) 
CE-Chirp 0/18 (0%) 11/18 (61%) 10/18 (56%) 
 Wave III 
 Polarity 
Stimulus Alternating Condensation Rarefaction 
Click 0/18 (0%) 16/18 (89%) 14/18 (78%) 
CE-Chirp 0/18 (0%) 14/18 (78%) 12/18 (67%) 
 Wave V 
 Polarity 
Stimulus Alternating Condensation Rarefaction 
Click 18/18 (100%) 18/18 (100%) 18/18 (100%) 
CE-Chirp 
 
18/18 (100%) 18/18  (100%) 18/18 (100%) 
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Figure 38. Percentage of presence of waves I, III, and V as a function of stimulus and polarity. 
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Table 20. Neonate ABR Waves I, III, and V Mean Peak Latencies (in ms) and Standard 
Deviations as a Function of Stimulus and Polarity at a Rate of 8.7/s at 60 dB nHL. 
Wave I 
 Polarity 
Stimulus Condensation Rarefaction 
Click 
M 
(SD) 
N 
 
1.89 
(0.17) 
14 
 
1.79 
(0.26) 
11 
CE-Chirp 
M 
(SD) 
N 
 
2.05 
(0.31) 
11 
 
2.03 
.33 
10 
Wave III 
 Polarity 
Stimulus Condensation Rarefaction 
Click 
M 
(SD) 
N 
 
4.51 
(0.38) 
16 
 
4.43 
(0.48) 
14 
CE-Chirp 
M 
(SD) 
N 
 
4.52 
(0.29) 
13 
 
4.52 
(0.40) 
12 
Wave V 
 Polarity 
Stimulus Condensation Rarefaction 
Click 
M 
(SD) 
N 
 
6.99 
(.47) 
18 
 
7.02 
(0.44) 
18 
CE-Chirp 
M 
(SD) 
N 
 
 
6.82 
(.56) 
18 
 
 
6.83 
(0.60) 
18 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size.  
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Table 21. Neonate ABR Wave V Mean Peak Latencies (in ms) and Standard Deviations as a 
Function of Polarity and Stimulus at a Rate of 77.7/s at 60 dB nHL. 
 Polarity 
Stimulus Condensation Rarefaction 
Click 
M 
(SD) 
 
8.04 
(0.54) 
 
7.96 
(0.53) 
CE-Chirp 
M 
(SD) 
 
8.11 
(0.63) 
 
8.12 
(0.65) 
Note. N = 19 for all conditions; M = mean wave V peak latency; SD = one standard deviation of 
the mean. 
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Figure 39. Wave V mean peak latencies (in ms) as a function of air-conducted stimulus, polarity, 
and rate in neonates. Error bars represent plus one SD of the mean. Asterisks denote statistically 
significant differences between CE-Chirp and click (p < .05). 
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Figure 40. Boxplots of latency as a function of stimulus, polarity, and rate (8.7/s on the top; 
77.7/s on the bottom) in neonates. The top, bottom, and line through the middle of the box 
denotes to the 75th percentile, 25th percentile, and 50th percentile (median) respectively. The 
whiskers extend from the 10th to 90th percentile. Outliers beyond the 10th and 90th percentiles 
are not plotted. The circles and squares in the boxes denote mean values. 
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Table 22. Summary of Three-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Latency (in ms) as a Function of Stimulus (i.e., Click and CE-
Chirp), Polarity (i.e., Condensation and Rarefaction) and Rate (i.e., 8.7/s, 77.7/s) at 60 dB nHL 
in Neonates. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Stimulus .03 1 .03 .18 .68 .01 
Polarity .003 1 .003 .12 .74 .007 
Rate 47.08 1 47.08 503.71 <.0001** .97 
Stimulus x Polarity .01 1 .01 .96 .34 .05 
Stimulus x Rate .77 1 .77 15.31 .001** .47 
Polarity x Rate .04 1 .04 1.21 .29 .07 
Stimulus x Polarity x Rate .03 1 .03 2.28 .15 .12 
Note. N = 18 for ANOVA; * statistically significant at p < .05; ** lower bound statistically 
significant at p < .05; a Greenhouse-Geisser value. 
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Paired samples t-tests were used to analyze the differences in mean wave V latencies between 
stimuli at each rate and polarity (Table 23). For both condensation and rarefaction polarities at a 
rate of 8.7/s, mean wave V latencies were significantly different (p < .05) between click and 
chirp stimuli: CE-Chirp latencies were shorter than click latencies. Mean wave V latencies were 
not significantly different between clicks and chirps for either condensation or rarefaction 
polarities at 77.7/s.  Boxplots show no obvious violations from a normal distribution for 
differences (see Figure 41). Equal variances were for assumed these t-tests based on the ratio of 
the largest to smallest interquartile ranges were less than two (i.e., that the longest box is less 
than twice the length of the shortest boxplot). 
Wave V Amplitude 
Means and standard deviations for infant wave V amplitudes using condensation and 
rarefaction polarities using rates of 8.7/s and 77.7/s can be found in Table 24 and Table 25, 
respectively. Figure 42 depicts the relationships between polarity, rate, and amplitude for click 
and CE-Chirp stimuli. No outliers or highly skewed data were seen in the boxplots in Figure 43. 
A three-factor ANOVA was used to examine amplitude differences as a function of 
stimulus, polarity, and rate. The ANOVA summary is shown in Table 26. Greenhouse-Geisser 
values are reported when Mauchly’s Test showed that the sphericity condition was not satisfied. 
The main effects of stimulus (p < .0001) and rate (p < .05) were significant. The main effect of 
polarity was not statistically significant (p > .05). No statistically significant two- or three-way 
interactions were found. CE-Chirp wave V amplitudes were statistically larger (i.e., 1.6-1.8 
times) than click amplitudes for both condensation and rarefaction polarities at rates of 8.7/s and 
77.7/s (see Tables 24-26). 
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Table 23. Summary of Paired-Samples t-tests Examining the Interaction of Stimulus and Rate on 
Wave V Mean Peak Latency (in ms) in Neonates as a Function of Polarity. 
 Paired Differences 
   
95% CI of the 
Difference 
 
   
Pair Mean 
Difference 
SD Lower Upper t df p 
Click vs. CE-Chirp  
at 8.7/s Condensation 
.21 .34 .05 .37 2.78 19 .01* 
Click vs. CE-Chirp  
at 8.7/s Rarefaction 
.18 .33 .02 .35 2.36 18 .03* 
Click vs. CE-Chirp  
at 77.7/s Condensation 
-.05 .37 -.22 .12 -.57 19 .58 
Click vs. CE-Chirp  
at 77.7/s Rarefaction 
-.14 .38 -.32 .04 -1.62 19 .12 
Note. N = 20 for 8.7/s condensation, N = 19 for 8.7/s condensation, N = 20 for 77.7/s 
condensation, N = 20 for 77.7/s condensation for t-tests; * statistically significant at p < .05. 
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Figure 41. Boxplots of paired latency differences as a function of polarity, and rate in neonates. 
The top, bottom, and line through the middle of the box denotes to the 75th percentile, 25th 
percentile, and 50th percentile (median) respectively. The whiskers extend from the 10th to 90th 
percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The squares in the 
boxes denote mean values. 
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Table 24. Neonate ABR Waves I, III, and V Mean Peak Amplitudes (in µV) and Standard 
Deviations as a Function of Polarity and Stimulus at a Rate of 8.7/s at 60 dB nHL. 
Wave I 
 Polarity 
Stimulus Condensation Rarefaction 
Click 
M 
(SD) 
N 
 
0.28 
(0.19) 
14 
 
0.21 
(0.13) 
11 
CE-Chirp 
M 
(SD) 
N 
 
0.28 
(0.13) 
11 
 
0.24 
(0.10) 
10 
Wave III 
 Polarity 
Stimulus Condensation Rarefaction 
Click 
M 
(SD) 
N 
 
0.20 
(0.11) 
16 
 
0.18 
(0.09) 
14 
CE-Chirp 
M 
(SD) 
N 
 
0.16 
(0.04) 
13 
 
0.17 
(0.05) 
12 
Wave V 
 Polarity 
Stimulus Condensation Rarefaction 
Click 
M 
(SD) 
N 
 
.34 
(.14) 
18 
 
.31 
(0.15) 
18 
CE-Chirp 
M 
(SD) 
N 
 
.56 
(.17) 
18 
 
.50 
(0.17) 
18 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Table 25. Neonate ABR Wave V Mean Peak Amplitudes (in µV) and Standard Deviations as a 
Function of Polarity and Stimulus at a Rate of 77.7/s at 60 dB nHL. 
 Polarity 
Stimulus Condensation Rarefaction 
Click 
M 
(SD) 
 
0.24 
(0.10) 
 
0.25 
(0.08) 
CE-Chirp 
M 
(SD) 
 
0.45 
(0.16) 
 
0.47 
(0.17) 
Note. N = 19 for all conditions; M = mean wave V peak latency; SD = one standard deviation of 
the mean. 
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Figure 42. Wave V mean peak amplitudes (in µV) as a function of air-conducted stimulus, 
polarity, and rate in neonates. Error bars represent plus one SD of the mean. Asterisks denote 
significant differences between CE-Chirp and click (p < .05). 
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Figure 43. Boxplots of amplitude as a function of stimulus, polarity, and rate (8.7/s on the top; 
77.7/s on the bottom) in neonates. The top, bottom, and line through the middle of the box 
denotes to the 75th percentile, 25th percentile, and 50th percentile (median) respectively. The 
whiskers extend from the 10th to 90th percentile. Outliers beyond the 10th and 90th percentiles 
are not plotted. Circles and squares in the boxes denote mean values. 
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Table 26. Summary of Three-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Amplitude (in µV) as a Function of Stimulus (i.e., Click and CE-
Chirp), Polarity (i.e., Condensation and Rarefaction), and Rate (i.e., 8.7/s, 77.7/s) at 60 dB nHL 
in Neonates. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Stimulus 1.55 1 1.55 73.63 <.0001** .812 
Polarity .01 1 .01 1.21 .29 .066 
Rate .20 1 .20 10.69 .005** .386 
Stimulus x Polarity .002 1 .002 .16 .70 .009 
Stimulus x Rate .002 1 .002 .16 .70 .009 
Polarity x Rate .04 1 .04 3.17 .09 .157 
Stimulus x Polarity x Rate .01 1 .01 .60 .45 .034 
Note. N = 18 for ANOVA; * statistically significant at p < .05; ** lower bound statistically 
significant at p < .05. 
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Effects of Number of Stimulus Presentations 
Wave V Presence or Absence 
Representative waveforms for ABRs to CE-Chirps and clicks as a function of intensity 
are shown in Figure 44. The percentage of infant ABR wave V responses as a function of the 
number of sweeps and stimulus are displayed in Figure 45. As evident in the figure, ABR wave 
V responses to the CE-Chirps appeared before and with greater propensity at lower sweep 
numbers compared to clicks. All neonates had ABRs to CE-Chirps at 464 sweeps versus 1856 
sweeps with the clicks. Two separate Exact Binomial Tests (R Version 3.0.2) were undertaken to 
calculate the 95% confidence level for the probability of achieving an ABR wave V response for 
both stimuli with 464 sweeps (cf. 0.85-1.00 and 0.39-.80 for the CE-Chirp and click stimulus, 
respectively). An Exact McNemar’s Test (R Version 3.0.2) confirmed that both stimuli do not 
have the same probability of evoking ABR wave V responses with the presentation of 464 
sweeps (p = 0.004).  
Effects of Frequency 
Wave V Latency 
Representative waveforms for ABRs to CE-Chirp octave bands and tone bursts as a 
function of intensity are shown in Figures 46- 49. Means and standard deviations for infant wave 
V latencies as a function of stimulus, frequency, and intensity are presented in Table 27. Figure 
50 depicts the relationships between stimulus, frequency, and latency. No outliers or highly 
skewed data were seen in the boxplots in Figure 51.  
Separate two-factor ANOVAs were used to examine latency differences as a function of 
intensity and stimulus (i.e., tone burst and octave band) for four frequencies (i.e., 500, 1000, 
2000, and 4000 Hz). The ANOVA summaries are shown in Table 28 through Table 31.  
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Figure 44. Representative ABR waveforms from participant N50 with wave V labeled as a 
function of AC stimulus (CE-Chirps in top window and clicks in bottom window) and sweeps 
(1856, 928, 464, 232, and 116 sweeps top to bottom). 
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Figure 45. Percentage of responses as a function of number of stimulus presentations. 
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Figure 46. Representative ABR waveforms from participant N115 with wave V labeled as a 
function of 500 Hz AC stimulus (CE-Chirp octave band in top window and tone burst in bottom 
window) and intensity (60, 45, and 30 dB nHL top to bottom). 
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Figure 47. Representative ABR waveforms from participant N115 with wave V labeled as a 
function of 1000 Hz AC stimulus (CE-Chirp octave band in top window and tone burst in bottom 
window) and intensity (60, 45, and 30 dB nHL top to bottom). 
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Figure 48. Representative ABR waveforms from participant N80 with wave V labeled as a 
function of 2000 Hz AC stimulus (CE-Chirp octave band in top window and tone burst in bottom 
window) and intensity (60, 45, and 30 dB nHL top to bottom). 
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Figure 49. Representative ABR waveforms from participant N80 with wave V labeled as a 
function of 4000 Hz AC stimulus (CE-Chirp octave band in top window and tone burst in bottom 
window) and intensity (60, 45, and 30 dB nHL top to bottom). 
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Table 27. Neonate ABR Wave V Mean Peak Latencies (in ms) and Standard Deviations as a 
Function of Frequency and Intensity. 
 Frequency 
 500 Hz  1000 Hz  2000 Hz  4000 Hz 
Intensity 
(dB nHL) 
Tone 
Burst 
 
CE-
Chirp 
Octave 
Band 
 Tone 
Burst 
 
CE-
Chirp  
Octave 
Band 
 Tone 
Burst 
 
CE-
Chirp 
Octave 
Band 
 Tone 
Burst 
 
CE-
Chirp 
Octave 
Band 
60 
M 
(SD) 
N 
 
10.86 
(.68) 
20 
 
4.78 
(.75) 
21 
  
9.43 
(.60) 
22 
 
6.16 
(.48) 
22 
  
8.17 
(.38) 
22 
 
6.87 
(.46) 
22 
  
7.32 
(.40) 
20 
 
6.88 
(.47) 
20 
45 
M 
(SD) 
N 
 
12.24 
(.80) 
20 
 
6.49 
(.94) 
21 
  
10.70 
(.83) 
22 
 
7.32 
(.67) 
20 
  
8.91 
(.41) 
22 
 
7.56 
(.54) 
22 
  
7.90 
(.35) 
20 
 
7.54 
(.44) 
20 
30 
M 
(SD) 
N 
 
13.64 
(.85) 
20 
 
7.62 
(.90) 
20 
  
11.92 
(.90) 
21 
 
8.45 
(.80) 
20 
  
9.65 
(.58) 
20 
 
8.39 
(.45) 
22 
  
8.48 
(.39) 
21 
 
8.33 
(.45) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Figure 50. Wave V mean peak latencies (in ms) as a function of stimulus, frequency, and 
intensity in neonates. Error bars represent +/- one SD of the mean. Asterisks represent 
statistically significant differences between tone bursts and octave bands (p < .05). 
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Figure 51. Boxplots of latency as a function of stimulus, frequency, and intensity in neonates. 
The top, bottom, and line through the middle of the box denotes to the 75th percentile, 25th 
percentile, and 50th percentile (median) respectively. The whiskers extend from the 10th to 90th 
percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The circles and squares 
in the boxes denote mean values. 
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Table 28. Summary of Two-Factor Repeated Measures ANOVA Comparing Differences Between 
Wave V Mean Peak Latency (in ms) as a Function of 500 Hz Stimulus (i.e., Tone burst and CE-
Chirp Octave Bands) and Intensity (i.e., 60, 45, and 30 dB nHL) in Neonates. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Stimulus 602.07 1 602.07 563.54 <.0001** .98 
Intensity 103.54 2 51.77 109.02 <.0001** .92 
Stimulus x Intensity .45 2 .23 .92 .42 .08 
Note. N = 11 for ANOVA; * statistically significant at p < .05; ** lower bound statistically 
significant at p < .05; a Greenhouse-Geisser value. 
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Table 29. Summary of Two-Factor Repeated Measures ANOVA Comparing Differences Between 
Wave V Mean Peak Latency (in ms) as a Function of 1000 Hz Stimulus (i.e., Tone burst and CE-
Chirp Octave Bands) and Intensity (i.e., 60, 45, and 30 dB nHL) in Neonates. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Stimulus 290.58 1 290.58 635.96 <.0001** .97 
Intensity 100.78 2 50.39 363.36 <.0001** .96 
Stimulus x Intensity .07 2 .04 .29 .75 .02 
Note. N = 18 for ANOVA; * statistically significant at p < .05; ** lower bound statistically 
significant at p < .05; a Greenhouse-Geisser value. 
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Table 30. Summary of Two-Factor Repeated Measures ANOVA Comparing Differences Between 
Wave V Mean Peak Latency (in ms) as a Function of 2000 Hz Stimulus (i.e., Tone burst and CE-
Chirp Octave Bands) and Intensity (i.e., 60, 45, and 30 dB nHL) in Neonates. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Stimulus 48.77 1 48.77 621.75 <.0001** .97 
Intensity 40.81 1.48 27.68 443.70 <.0001**a .96 
Stimulus x Intensity .10 1.50 .07 1.07 .34a .06 
Note. N = 19 for ANOVA; * statistically significant at p < .05; ** lower bound statistically 
significant at p < .05; a Greenhouse-Geisser value. 
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Table 31. Summary of Two-Factor Repeated Measures ANOVA Comparing Differences Between 
Wave V Mean Peak Latency (in ms) as a Function of 4000 Hz Stimulus (i.e., Tone burst and CE-
Chirp Octave Bands) and Intensity (i.e., 60, 45, and 30 dB nHL) in Neonates. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Stimulus 2.96 1 2.96 29.48 <.0001** .62 
Intensity 33.59 2 16.79 414.54 <.0001** .96 
Stimulus x Intensity .32 2 .16 6.40 .004** .26 
Note. N = 19 for ANOVA; * statistically significant at p < .05; ** lower bound statistically 
significant at p < .05; a Greenhouse-Geisser value. 
  
  142 
Greenhouse-Geisser values are reported when Mauchly’s Test showed that the sphericity 
condition was not satisfied. For all four frequencies, the main effect of stimulus (p < .0001) and 
intensity (p < .0001) were significant. The two-way interaction of stimulus and intensity was 
statistically significant only at 4000 Hz (p < .05). Paired samples t-tests were used to analyze the 
differences in mean wave V latency between 4000 Hz stimuli at each intensity level (see Table 
32). CE-Chirp octave band latencies were significantly shorter than tone burst latencies at all 
intensities. These differences ranged from approximately 0.5 ms up to 6 ms as frequency 
increased decreased from 4000 to 500 Hz. Boxplots show no obvious violations from a normal 
distribution for differences (see Figure 52). Equal variances were for assumed these t-tests based 
on the rule of thumb that the ratio of the largest to smallest interquartile ranges was less than two 
(i.e., that the longest box is less than twice the length of the shortest boxplot). 
Wave V Amplitude 
Means and standard deviations for infant wave V amplitudes as a function of stimuli, 
frequency, and intensity are presented in Table 33. Figure 53 depicts the relationships between 
stimuli, frequency, and amplitude. No outliers or highly skewed data were seen in the boxplots in 
Figure 54.  
Separate two-factor ANOVAs were used to examine amplitude differences as a function 
of intensity and stimulus (i.e., tone burst and octave band) for four frequencies (i.e., 500, 1000, 
2000, and 4000 Hz). The ANOVA summaries are shown in Table 34 through Table 37. 
Greenhouse-Geisser values are reported when Mauchly’s Test showed that the sphericity 
condition was not satisfied. The main effect of intensity (p < .0001) was statistically significant 
for all four frequencies. Wave V amplitudes decreased as intensity decreased. The main effect of 
stimulus was statistically significant for 1000, 2000, and 4000 Hz (p < .05). For 1000 and 2000 
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Table 32. Summary of Paired-Samples t-tests Examining the Interaction of 4000 Hz Stimulus and 
Intensity on Wave V Mean Peak Latency (in ms) in Neonates. 
 Paired Differences 
   
95% CI of the 
Difference 
 
   
Pair Mean 
Difference 
SD Lower Upper t df p 
4000 Hz Tone burst vs. CE-Chirp 
        Octave Band at 60 dB nHL 
.42 .31 .27 .57 5.92 18 <.0001* 
4000 Hz Tone burst vs. CE-Chirp  
        Octave Band at 45 dB nHL 
.37 .30 .22 .51 5.31 18 <.0001* 
4000 Hz Tone burst vs. CE-Chirp 
        Octave Band at 30 dB nHL 
.18 .34 .01 .34 2.28 18 .04* 
Note. N = 19 for t-tests; * statistically significant at p < .05. 
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Figure 52. Boxplots of paired latency difference as a function of intensity at 4000 Hz in 
neonates. The top, bottom, and line through the middle of the box denotes to the 75th percentile, 
25th percentile, and 50th percentile (median) respectively. The whiskers extend from the 10th to 
90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The squares in the 
boxes denote the mean values. 
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Table 33. Neonate ABR Wave V Mean Peak Amplitudes (in µV) and Standard Deviations as a 
Function of Frequency and Intensity. 
 Frequency 
 500 Hz  1000 Hz  2000 Hz  4000 Hz 
Intensity 
(dB nHL) 
 
Tone 
Burst 
CE-
Chirp 
Octave 
Band 
 Tone 
Burst 
CE-
Chirp 
Octave 
Band 
 Tone 
Burst 
CE-
Chirp 
Octave 
Band 
 Tone 
Burst 
CE-
Chirp 
Octave 
Band 
60 
M 
(SD) 
n 
 
.28 
(.08) 
20 
 
.32 
(.10) 
21 
  
.34 
(.10) 
22 
 
.38 
(.09) 
22 
  
.34 
(.07) 
22 
 
.45 
(.09) 
22 
  
.38 
(.10) 
20 
 
.36 
(.07) 
20 
45 
M 
(SD) 
n 
 
.19 
(.05) 
20 
 
.23 
(.09) 
21 
  
.23 
(.08) 
22 
 
.27 
(.09) 
20 
  
.26 
(.06) 
22 
 
.34 
(.09) 
22 
  
.24 
(.07) 
20 
 
.28 
(.05) 
20 
30 
M 
(SD) 
n 
 
.14 
(.05) 
20 
 
.18 
(.09) 
20 
  
.15 
(.05) 
21 
 
.19 
(.06) 
20 
  
.18 
(.05) 
20 
 
.27 
(.07) 
22 
  
.17 
(.06) 
21 
 
.24 
(.05) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Figure 53. Wave V mean peak amplitudes (in µV) as a function of stimulus, frequency, and 
intensity in neonates. Error bars represent plus one SD of the mean. Asterisks represent 
statistically significant differences between tone bursts and octave bands (p < .05). 
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Figure 54. Boxplots of amplitude as a function of stimulus, frequency, and intensity in neonates.  
The top, bottom, and line through the middle of the box denotes to the 75th percentile, 25th 
percentile, and 50th percentile (median) respectively. The whiskers extend from the 10th to 90th 
percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The circles and squares 
in the boxes denote mean values. 
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Table 34. Summary of Two-Factor Repeated Measures ANOVA Comparing Differences Between 
Wave V Mean Peak Amplitude (in µV) as a Function of 500 Hz Stimulus (i.e., Tone burst and 
CE-Chirp Octave Bands) and Intensity (i.e., 60, 45, and 30 dB nHL) in Neonates. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Stimulus .02 1 .02 1.54 .24 .13 
Intensity .20 1.31 .15 35.50 <.0001**a .78 
Stimulus x Intensity .002 2 .001 .56 .58 .05 
Note. N = 11 for ANOVA; * statistically significant at p < .05; ** lower bound statistically 
significant at p < .05; a Greenhouse-Geisser value. 
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Table 35. Summary of Two-Factor Repeated Measures ANOVA Comparing Differences Between 
Wave V Mean Peak Amplitude (in µV) as a Function of 1000 Hz Stimulus (i.e., Tone burst and 
CE-Chirp Octave Bands) and Intensity (i.e., 60, 45, and 30 dB nHL) in Neonates. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Stimulus .03 1 .03 8.52 .01** .33 
Intensity .58 2 .29 62.61 <.0001** .79 
Stimulus x Intensity .004 2 .002 .96 .39 .05 
Note. N = 18 for ANOVA; * statistically significant at p < .05; ** lower bound statistically 
significant at p < .05; a Greenhouse-Geisser value. 
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Table 36. Summary of Two-Factor Repeated Measures ANOVA Comparing Differences Between 
Wave V Mean Peak Amplitude (in µV) as a Function of 2000 Hz Stimulus (i.e., Tone burst and 
CE-Chirp Octave Bands) and Intensity (i.e., 60, 45, and 30 dB nHL) in Neonates. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Stimulus .22 1 .22 37.54 <.0001** .68 
Intensity .58 2 .29 65.01 <.0001** .78 
Stimulus x Intensity .00 2 .00 .08 .93 .004 
Note. N = 19 for ANOVA; * statistically significant at p < .05; ** lower bound statistically 
significant at p < .05; a Greenhouse-Geisser value. 
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Table 37. Summary of Two-Factor Repeated Measures ANOVA Comparing Differences Between 
Wave V Mean Peak Amplitude (in µV) as a Function of 4000 Hz Stimulus (i.e., Tone burst and 
CE-Chirp Octave Bands) and Intensity (i.e., 60, 45, and 30 dB nHL) in Neonates. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Stimulus .03 1 .03 6.46 .02** .26 
Intensity .39 2 .20 44.34 <.0001** .71 
Stimulus x Intensity .01 2 .01 3.55 .04* .17 
Note. N = 19 for ANOVA; * statistically significant at p < .05; ** lower bound statistically 
significant at p < .05; a Greenhouse-Geisser value. 
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Hz, octave band amplitudes were significantly (p < .05) larger at 60, 45, and 30 dB nHL. There 
were no statistically significant (p > .05) amplitude difference between tone bursts and octave 
bands at 500 Hz. Additionally, the two-way interaction of stimulus and intensity was statistically 
significant at 4000 Hz (p < .05). Paired samples t-tests were used to analyze the differences in 
mean wave V amplitude between 4000 Hz stimuli at each intensity level (Table 38). As evident 
in Table 38, CE-Chirp octave band amplitudes were significantly larger than tone burst latencies 
only at 45 and 30 dB nHL (p < .05) for 4000 Hz. Boxplots show no obvious violations from a 
normal distribution for differences (see Figure 55). Equal variances were for assumed these t-
tests based on the rule of thumb that the ratio of the largest to smallest interquartile ranges was 
less than two (i.e., that the longest box is less than twice the length of the shortest boxplot). 
Discussion 
The aim of the first experiment was to compare the peak latencies and amplitudes for 
Waves I, III, and V in newborns using CE-Chirp and CE-Chirp octave band stimuli versus click 
and tone burst stimuli as a function of intensity, rate, polarity, and number of stimulus 
presentations. The overall hypothesis was that chirp-evoked ABRs in infants would exhibit 
larger waveform amplitudes for all conditions and potential latency differences, due to the 
temporal structure of the CE-Chirp stimulus. For Experiment 1, preliminary analyses revealed no 
statistically significant ear differences (p > .05) for ABR latency and amplitude in newborns. 
Preliminary analyses also showed that wave V latencies for female participants were 
approximately 0.1-0.3 ms earlier than males’; however, this difference was not statistically 
significant (p > .05). Therefore, data were collapsed across gender and ear for the analyses of 
Experiment 1. 
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Table 38. Summary of Paired-Samples t-tests Examining the Interaction of 4000 Hz Stimulus and 
Intensity on Wave V Mean Peak Amplitude (in µV) in Neonates. 
 Paired Differences 
   
95% CI of the 
Difference 
 
   
Pair Mean 
Difference 
SD Lower Upper t df p 
4000 Hz Tone burst vs. CE-Chirp 
        Octave Band at 60 dB nHL 
.00 .08 -.04 .04 .000 18 1.00 
4000 Hz Tone burst vs. CE-Chirp 
        Octave Band at 45 dB nHL 
-.03 .06 -.06 -.005 -2.45 18 .03* 
4000 Hz Tone burst vs. CE-Chirp 
        Octave Band at 30 dB nHL 
-.05 .07 -.09 -.02 -3.39 18 .003* 
Note. N = 19 for t-tests; * statistically significant at p < .05. 
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Figure 55. Boxplots of paired amplitude differences as a function of intensity at 4000 Hz in 
neonates. The top, bottom, and line through the middle of the box denotes to the 75th percentile, 
25th percentile, and 50th percentile (median) respectively. The whiskers extend from the 10th to 
90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The squares in the 
boxes denote mean values. 
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Effects of Intensity 
This is the first study to examine ABRs to chirp stimuli using bone-conduction. For both 
stimuli, mean wave V amplitudes decreased as intensity decreased for air- and bone-conduction 
by about 0.1µV for each 15 dB decrease. As discussed in Chapter I, this is a well-known trend in 
auditory electrophysiology. As hypothesized, wave V amplitudes to chirp stimuli were 
significantly greater (p < .05) than wave V amplitudes to clicks at all intensity levels for both air- 
and bone-conduction. These findings are in agreement with recent research by Cebulla et al. 
(2014), who also examined the effects of intensity on wave V amplitude for air-conducted chirps 
versus clicks. In a retrospective analysis of older infants (ages 1-48 months), Mühler et al. (2013) 
also found larger wave V amplitudes to chirp stimuli when compared to click-evoked amplitudes 
from previous literature. The mean CE-Chirp amplitudes found in this study are approximately 
0.1-0.2 µV larger than those found by Cebulla et al. and Mühler et al. at similar intensities, 
despite using a faster rate (57.7/s) than both of those studies (20.3/s and 38/s, respectively). The 
current study used a stricter artifact rejection level of 25 µV versus 40 µV and a lower high-pass 
cutoff frequency of 30 Hz, as opposed to 100 Hz, used by Cebulla et al. and Mühler et al. These 
differences in recording parameters may have contributed to mean amplitude differences 
between the three studies, especially at lower intensities. The large amplitudes associated with 
the CE-Chirp can be attributed to the increased synchronization of neural firing caused by the 
simultaneous stimulation of a broad range of frequencies.  
As expected, click and CE-Chirp wave V latencies increased as intensity decreased for 
both air- and bone-conduction. The mean wave V latencies reported in this study appear to be in 
agreement with those reported by Cebulla et al. (2014), given that the their study employed a 
slower rate of 20.3/s at 60 dB nHL.  
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Important stimulus-intensity interactions were found to affect latencies for the CE-Chirp 
versus the click. Wave V latencies to air-conducted CE-Chirp stimuli were significantly longer 
than clicks at 30 and 45 dB nHL (p < .05).  The difference in mean chirp latencies steadily 
decreased as intensity was increased was up to 60 dB nHL. Likewise, mean wave V latencies to 
bone-conducted chirp stimuli were significantly longer (p < .05) than to click stimuli at lower 
intensities of 15 and 30 dB nHL, but the latency difference decreased as intensity increased to 45 
dB nHL.  
Kristensen and Elberling (2012) noted a similar trend in adults when comparing air-
conducted clicks versus CE-Chirp and LS-Chirp stimuli at a rate of 27.1/s. They noted that the 
smallest difference in latencies between stimuli occurred around 60 dB nHL, and differences 
increased slightly as intensity decreased, as was seen in this study. The authors also found that 
the largest differences between click and chirp stimuli were at intensities above 60 dB nHL. The 
current study, however, did not investigate intensities above 60 dB nHL. This was due to the 
change in temporal structure of the chirp stimulus above 60 dB nHL – the stimulus transition 
from the CE- to LS-Chirp above 60 dB nHL. In their study of 96 newborns, Cebulla et al. (2014) 
also noted an interaction of stimulus and intensity that affected chirp latencies. Cebulla et al. 
(2014) found that mean latencies to CE-Chirp stimuli were significantly shorter (by 
approximately 1.5 ms) than to click stimuli at 60 and 40 dB nHL in newborns. The latency 
differences were larger at 40 dB nHL than at 60 dB nHL. The Cebulla et al. (2014) finding of 
shorter chirp latencies is different than the trend seen in the current study. However, different 
rates were used for the latency-intensity functions for these two studies (Cebulla et al. = 20.3/s 
vs. current study = 57.7/s). Despite these differences, all of the studies discussed here reported a 
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similar stimulus-intensity interaction in which latency differences between chirps and clicks 
increase below 60 dB nHL. 
The latency differences between the CE-Chirp and the click are related to the upward 
spread of excitation along the BM. Upward spread of excitation occurs when a high intensity 
stimulus causes the excitation along the BM to spread to higher frequency regions. In the case of 
the CE-Chirp, the low frequencies are presented prior to the high frequencies, which causes the 
upward spread of excitation to occur earlier than it would with a traditional click. Therefore, 
wave V latencies to the CE-Chirp decrease as intensity increases (Kristensen & Elberling, 2012). 
At lower intensities, however, excitation is limited a particular region of the BM. Because the 
CE-Chirp compensates for the traveling wave delay, the chirp latency is longer than the click at 
lower intensities due to delay of stimulus onset and increased contributions from low frequency 
regions. 
This portion of Experiment 1 suggests that the CE-Chirp indeed enhances the temporal 
synchrony of neural firing and is superior to the click at a both high and low intensities. These 
findings may extend down to the threshold level, which will be examined in Experiment 4. 
Effects of Rate 
There is currently no published research that directly manipulates stimulus rate to 
examine the effects on click- versus chirp-evoked ABRs. Although, Cebulla and Stürzebecher 
(2013) did investigate the optimum rate for detecting wave V using the chirp stimulus. The 
researchers determined the rate of 60/s to be optimal for chirp-evoked ABR amplitude and 
detection time, as opposed to previous research that found the optimum detection rate for the 
click to be 90/s (Klein, Alvarez, & Cowburn, 1992; Stürzebecher, Cebulla, & Wernecke, 1999). 
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The present study used four stimulus rates (i.e., 8.7, 27.7, 57.7, 77.7/s) to examine the 
effects of stimulus on wave V amplitude and latency. Mean wave V amplitude for the CE-Chirp 
was significantly larger than the click (p < .05) at all four rates, as was hypothesized. These 
findings again reflect the increase in neural firing caused by the traveling wave delay 
compensation of the CE-Chirp. 
Statistically significant latency differences were only seen at rates of 8.7 and 27.7/s, with 
mean wave V latencies to the CE-Chirp being shorter than to the click. One possible explanation 
for this finding is that the effects of the upward spread of excitation are more pronounced for the 
CE-Chirp at slower rates because the longer interval between stimulus presentations allows for 
more upward spread from the low frequencies. As rate increases, though, all of the neural fibers 
are excited more frequently and the responses from the CE-Chirp and the click may exhibit more 
similar latencies. 
The effects of rate discussed here indicate that the CE-Chirp shows advantages over the 
click for wave V detection at a variety of stimulus rates. The findings suggest the CE-Chirp can 
be a clinically useful stimulus for neurodiagnostic testing using both slow and fast rates and for 
testing using a moderate rate, such as threshold measures.  
Effects of Polarity 
This is also the first study investigating the effects of polarity on ABRs to CE-Chirp 
stimuli. The first analysis performed was the presence of waves I, III, and V to alternating, 
condensation, and rarefaction polarities. Eighteen participants were included in this analysis. 
Wave V was present in 100% of participants for all three polarities. Waves I and III were absent 
in all participants for the alternating polarity. In general, wave III was present more often than 
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wave I for condensation and rarefaction polarities. Additionally, waves I and III were present 
more often (i.e., in one or two more participants) for click stimuli than CE-Chirp stimuli.  
The mean wave I, III, and V amplitudes are slightly larger and latencies slightly shorter 
for this study compared to Cebulla et al. (2014). Both studies found that wave V was the largest 
peak, followed by wave I, and wave III was the smallest peak. It should be noted that ABRs were 
acquired at a rate of 8.7/s in the present study compared to 20.3/s in the previous study. 
Furthermore, both studies demonstrated large standard deviations for amplitude and latency. 
Other researchers have reported the decreased presence of earlier waveform components 
seen here with the CE-Chirp, as well. Petoe et al. (2010a) reported reduced presence of waves I 
and III when they compared chirp stimuli to click stimuli at 40 dB HL with alternating polarity. 
Kristensen and Elberling (2012) also found that the presence of waves I and III was poorer with 
the CE-Chirp at 60 and 80 dB nHL with alternating polarity. It has been suggested that this 
reduced morphology of early waveform components with the CE-Chirp is related to the long 
duration of the stimulus (Kristensen & Elberling, 2012; Petoe et al., 2010a). At high intensities, 
the upward spread of excitation causes excitation of many frequencies at different times. This, in 
turn, may cause desynchronization of the neural firing, which affects the morphology of the ABR 
(Elberling, Callø, & Don, 2010). 
Since no studies to-date have reported using condensation or rarefaction polarities4, the 
current study examined the effects of polarity on latency and amplitude using both a slow (8.7/s) 
and fast (77.7/s) rate. For both rates, the polarity used did not significantly affect wave V latency 
or amplitude (p > .05). CE-Chirps had significantly larger amplitudes (p < .05) for both polarities 
                                                
4 It should be noted that most of the studies collected for the literature review did not report the 
stimulus polarity used. Five studies (Elberling et al., 2012a; Ferm et al., 2013; Kristensen & 
Elberling, 2012; and Petoe et al., 2010a,b) reported using alternating polarity. 
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and rates. This finding supports the hypothesis for Experiment 1. CE-Chirps also had 
significantly shorter latencies at 8.7/s (p < .05), but there was no difference at 77.7/s, which has 
already been discussed above. 
By manipulating the polarity of the CE-Chirp and the click, it can be concluded that the 
CE-Chirp generates larger wave V amplitudes regardless of stimulus polarity, and clinicians 
should feel comfortable using either polarity in their ABR testing. It is important to remember, 
however, that earlier waveform components may be reduced or diminished when using the CE-
Chirp, especially with alternating polarity. Therefore, clinicians may find it helpful to 
supplement their CE-Chirp testing with a couple of runs with a click in order to verify the ABR 
morphology. 
Effects of Number of Stimulus Presentations 
The most important finding in this portion of Experiment 1 was a higher percentage of 
wave V responses to the CE-Chirp with fewer sweeps relative to the clicks. At a low intensity, 
the presence of wave V in newborns reached 100% with only 464 CE-Chirp stimulus 
presentations, as compared to 1856 presentations required for the clicks (see Figure 30). 
Detection of wave V with fewer sweeps reflects the increased neural excitation of the chirp 
compared to the click.  
The findings of this portion of Experiment 1 are very important in terms of clinical 
utility. Because newborn hearing screenings are performed a low intensity, such as the level used 
here, these results suggest that the screening could be performed using the CE-Chirp with a small 
number of sweeps. This modification could significantly reduce the time required for newborn 
hearing screenings, which would be beneficial to both clinicians and families of newborns. 
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Effects of Frequency 
In addition to comparing the broadband CE-Chirp and the click, Experiment 1 also 
compared traditional tone burst stimuli to the CE-Chirp octave band stimuli. The four 
frequencies examined were 500, 1000, 2000, and 4000 Hz, which are the frequencies commonly 
used in diagnostic ABR testing. Mean wave V latency increased as intensity decreased for both 
tone bursts and CE-Chirp octave bands, which is an established trend in auditory 
electrophysiology. This study also found statistically significant (p < .05) mean wave V latencies 
differences between CE-Chirp octave bands and tone bursts at all four frequencies. The CE-
Chirp octave band latencies were significantly earlier than tone bursts. As seen in Table 27 this 
difference was approximately 0.4 ms at 4000 Hz, 1.3 ms at 2000 Hz, 3.3 ms at 1000 Hz, and 6 
ms at 500 Hz. Furthermore, for CE-Chirp octave band stimuli, mean wave V latency increased as 
stimulus frequency increased. For traditional tonal stimuli the opposite trend is expected – wave 
V latency typically decreases as frequency increases. The cause of these latency differences is 
the input compensation technique applied to chirp stimuli. As previously discussed, the CE-
Chirp has a “rising frequency” structure in which low frequency stimuli are presented before 
high frequency stimuli. For the CE-Chirp, this delay is approximately 1.5 ms between each of the 
four frequencies used in this study (i.e., 500, 1000, 2000, and 4000 Hz). This means that the 
4000 Hz stimulus is presented 1.5 ms prior to onset of signal averaging, 2000 Hz is presented at 
3 ms re: signal averaging, 1000 Hz is presented at 4.5 ms re: signal averaging, and 500 Hz is 
presented at 6 ms re: signal averaging. The difference in wave V latency between the tone bursts 
and CE-Chirp octave bands reflects these temporal delays. 
In regard to amplitude, wave V was significantly larger to CE-Chirp octave bands than 
tone bursts at 1000, 2000, and 4000 Hz but not at 500 Hz. Additionally, the amplitude 
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differences at 4000 Hz were only statistically significant (p < .05) at 45 and 30 dB nHL. Stangl et 
al. (2013) also reported that amplitude differences varied based on frequency and intensity, and 
they found no statistically significant amplitude differences between stimuli at 500 Hz. These 
findings do not fully support the hypothesis that ABR amplitudes to chirp stimuli would be 
larger than traditional stimuli in all conditions. In fact, it appears that the amplitude advantage 
seen with CE-Chirp octave bands as is not as pervasive across frequencies as the advantage seen 
with the broadband CE-Chirp. The results of this study are somewhat in agreement with Ferm et 
al. (2013), who compared tone bursts and CE-Chirp octave band stimuli in 42 infants less than 
three months of age. Ferm and colleagues found wave V to be 64% larger with 1000 and 4000 
Hz CE-Chirp octave band stimuli. However, they did not test at 500 Hz, which is the only 
frequency in the present study where no amplitude differences were seen. One possible 
explanation for this diminished amplitude advantage is the difference in spectra, as seen in 
Figure 13, which is supported by the research of Bell, Allen, and Lutman (2002). The spectra of 
CE-Chirp octave bands are wider than tone bursts, but the difference in spectral width for 1000 
and 2000 Hz is greater than for 500 and 4000 Hz.  Subsequently, 1000 and 2000 Hz CE-Chirp 
octave band amplitudes were significantly larger (p < .05) for all conditions. However, at 500 
and 4000 Hz, the amplitudes to CE-Chirp octave bands are not significantly larger (p > .05) 
across all conditions. It stands to reason that the wider spectra at 1000 and 2000 Hz would cause 
a greater number of neural fibers to be excited, which would create larger wave V amplitude, as 
was also suggest by Bell et al. Likewise, the slightly narrower spectra, especially at 500 Hz, 
would activate a smaller region of neurons, thus resulting in amplitudes more similar to those of 
the tone bursts. It appears that further research is necessary to fully determine the advantage of 
CE-Chirp octave band stimuli over tone bursts. 
  
CHAPTER III: EXPERIMENT 2 – TEST-RETEST RELIABILITY OF CHIRP STIMULI IN 
NEWBORNS 
An important foundation to establish is the reliability of chirp-evoked ABR measures in 
newborns. Previous researchers have confirmed that test-retest reliability of ABRs to air- and 
bone-conducted click stimuli in newborns is excellent (Yang et al., 1993b). Yang et al. (1993b) 
examined intra-tester test-retest differences in ABR wave V latencies and amplitudes to 30 dB 
nHL air-conducted clicks and 15 and 30 dB nHL bone-conducted clicks in 20 newborn infants. 
Test-retest ABR wave V differences in latencies and amplitudes were calculated by subtracting 
retest from test measures. They found no significant difference among the three mean test-retest 
differences in ABR wave V latency or amplitudes. To date, however, there have been no 
investigations of the reliability of ABR measures to chirp stimuli in newborns using a test-retest 
paradigm. Reliability, in this case, reflects whether ABR measures from one tester are similar to 
another tester’s measures across test sessions. The aim of this study was to examine the inter-
tester differences in wave V latency and amplitude to air- and bone-conducted chirp stimuli in 
newborns. 
Methods 
Participants 
The East Carolina University and Medical Center Institutional Review Board approved 
this research study prior to data collection or participant recruitment (see Appendix B). 
Participants were 30 healthy newborns (16 females and 14 males) from the well-baby nursery at 
the Vidant Medical Center, Greenville, NC, who were identified from the daily birth log 
provided by the Vidant Medical Center Audiology and Hearing Aid Center. Parent(s) of eligible 
neonates were identified and solicited for participation in their private rooms in the Vidant 
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Medical Center by a member of the research team and were provided informed consent before 
testing began (see Appendix C). 
The participants ranged in age from 16 to 95 hours (M = 49.7 hours, SD = 21.3). The 
newborns were between 37-42 weeks gestational age (M = 39.4; SD = 1.1) and physically and 
neurologically normal. They had APGAR scores of ≥ 8 at 1 and 5 minutes; birth weight ≥ 2600 g 
(M = 3438; SD = 368); not at risk of hearing loss; and passed an automated ABR newborn 
hearing screening bilaterally. A complete intake form is shown in Appendix D. 
Apparatus and Stimuli 
Each newborn was tested using the GSI Audera Evoked Potential System with V2.7 
software. Recording was performed in quiet rooms at Vidant Medical Center, Greenville, NC. 
Background noise was measured using a sound level meter (Brüel & Kjær 2250) and field 
microphone (Brüel & Kjær 4192). Typical noise levels ranged from 20-35 dBA. 
Stimuli were air- and bone-conducted CE-Chirps. Stimuli were delivered through an 
insert earphone (GSI TIP-50) coupled to a 3.5 or 4 mm infant insert eartip or a bone vibrator 
(Radioear B-71). Stimulus calibration was performed as described above in Chapter II. 
Procedure 
ABRs were obtained from 30 healthy newborns. Due to time constraints within the 
medical center, however, the testing could not be completed using both air- and bone-conducted 
stimuli for every infant. Ten neonates underwent testing for both air- and bone-conducted ABRs, 
ten neonates completed only air-conducted ABR testing, and ten neonates completed only bone-
conducted ABR testing. That is, 20 newborns were for each transducer and intensity level. 
Newborns were tested while in natural sleep. 
Recording procedures and stimulus presentation were similar to that of Yang et al. 
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(1993a, 1993b). An ipsilateral recording montage was used: pre-gelled surface electrodes (Ambu 
Neuroline 720) were placed on the high forehead (Fz), ipsilateral inferior postauricular area 
(M1/M2), and contralateral inferior postauricular area (M2/M1). Interelectrode impedances were 
maintained below 5000 Ω. The recorded electroencephalogram was amplified 105 and bandpass 
filtered (30 to 3000 Hz). EEG samples exceeding ± 25 µV were rejected automatically. An 
analysis time of 13 ms post-stimulus was sampled at 25,000 Hz. 
The test ear was counterbalanced across participants. All stimuli were presented using 
alternating polarity at a rate of 57.7/s. Stimulus intensities were 60, 45, and 30 dB nHL for air-
conduction and 45, 30, and 15 dB nHL for bone-conduction. During testing with bone-conducted 
CE-Chirps, the bone vibrator was placed in a supero-posterior auricular position during stimulus 
delivery. An elastic band with Velcro was used to hold the bone vibrator with a coupling force of 
425 ± 25 g. Coupling force was verified using the technique described by Yang and Stuart 
(1990) in which a nylon monofilament is attached to the bone vibrator and a spring scale (Ohaus 
8014) is used to manually pull the bone vibrator away from the skull. The coupling force was 
measured at the point the vibrator cleared and became flush with scalp. 
The test-retest paradigm was as follows: ABRs to air-conducted stimuli were replicated at 
60, 45, and 30 dB nHL by the first tester, then insert ear tip was removed from the newborn’s ear 
canal. Next the second tester repositioned the ear tip in the ear canal and retested all conditions. 
Similarly, for bone-conducted ABRs, the bone vibrator was removed once the first tester 
obtained replicated waveforms at 45, 30 and 15 dB nHL. Then the second tester repositioned the 
bone vibrator and retested the newborn. Testers and transducers were counterbalanced across 
participants. 
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A second researcher, who has more than 25 years experience recording ABRs, 
determined the presence of an ABR wave V blinded to stimulus and sweep conditions. Wave V 
was identified as the first replicable positive peak after 7 ms. Replication was defined as two 
waveforms with identifiable wave V peaks within 0.15 ms. If the wave V component was 
trough-like, round, or bimodal, the last point before rapid negative reflection was identified as 
the peak. Wave V amplitude was measured from the wave V peak to the most negative following 
trough within 3 ms before positive deflection. 
Results 
Air-Conducted CE-Chirps 
Representative waveforms for ABRs to CE-Chirp octave bands and tone bursts as a 
function of intensity are shown in Figure 56. Means and standard deviations for infant wave V 
latency and amplitudes as a function of tester and intensity are shown in Table 39 and Table 40, 
respectively. Figures 57 and 58, respectively, depict these mean wave V latencies and amplitudes 
as a function of tester and intensity. No outliers or highly skewed data were seen in the boxplots 
for latency and amplitude (Figure 59 and 60, respectively). 
The reliability of tester on air-conducted CE-Chirp stimuli was examined in two ways. 
First, Pearson’s product-moment correlation coefficients (r) were determined to examine the 
association between wave V latency and amplitude measures between testers for air-conducted 
CE-Chirps. There were statistically significant correlations between testers for ABR wave V 
latencies (r = .93, p < .0001) and amplitudes (r = .80, p < .0001). Figures 61 and 62 are 
scatterplots to illustrate the correlations between testers for latency and amplitude, respectively.  
Second, two separate two-factor linear mixed model ANOVA with repeated measures 
were performed to determine the effect of tester and stimulus intensity on wave V latencies and  
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Figure 56. Representative ABR waveforms from participant N130 with wave V labeled to AC 
CE-Chirps as a function of tester (Tester 1 top window, Tester 2 bottom window) and intensity 
(60, 45, and 30 dB nHL top to bottom). 
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Table 39. ABR Wave V Mean Peak Latencies (in ms) and Standard Deviations to Air-Conducted 
Chirp Stimuli as a Function of Tester and Intensity in Neonates using Air-Conducted CE-Chirps. 
Intensity (dB nHL) Tester 1 Tester 2 
60   
M 7.81 7.80 
(SD) (.52) (.47) 
45   
M 8.40 8.40 
(SD) (.50) (.44) 
30   
M 9.07 9.01 
(SD) (.46) (.47) 
Note. N = 20 for all conditions; M = mean wave V peak latency; SD = one standard deviation of 
the mean; N = sample size. 
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Table 40. ABR Wave V Mean Peak Amplitudes (in µV) and Standard Deviations as a Function of 
Tester and Intensity in Neonates using Air-Conducted CE-Chirps. 
Intensity (dB nHL) Tester  1 Tester 2 
60   
M .49 .48 
(SD) (.10) (.13) 
45   
M .41 .38 
(SD) (.09) (.11) 
30   
M .30 .32 
(SD) (.08) (.08) 
Note. N = 20 for all conditions; M = mean wave V peak latency; SD = one standard deviation of 
the mean; N = sample size. 
  170 
  
 
Figure 57. Wave V mean peak latencies (in ms) as a function of tester and intensity in neonates 
using air-conducted CE-Chirps. Error bars represent +/- one SD of the mean. 
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Figure 58. Wave V mean peak amplitudes (in µV) as a function of tester and intensity in 
neonates using air-conducted CE-Chirps. Error bars represent plus one SD of the mean  
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Figure 59. Boxplots of latency as a function of tester and intensity in neonates using air-
conduction. The top, bottom, and line through the middle of the box denotes to the 75th 
percentile, 25th percentile, and 50th percentile (median) respectively. The whiskers extend from 
the 10th to 90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The 
circles in the boxes denote mean values. 
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Figure 60. Boxplots of amplitude as a function of tester and intensity in neonates using air-
conduction. The top, bottom, and line through the middle of the box denotes to the 75th 
percentile, 25th percentile, and 50th percentile (median) respectively. The whiskers extend from 
the 10th to 90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The 
circles in the boxes denote mean values. 
  
30
 d
B
 n
H
L
45
 d
B
 n
H
L
60
 d
B
 n
H
L
0
0.25
0.5
0.75
W
av
e 
V
 A
m
pl
itu
de
 (µ
V
) 
Tester 1
30
 d
B
 n
H
L
45
 d
B
 n
H
L
60
 d
B
 n
H
L
0
0.25
0.5
0.75
Tester 2
  174 
 
 
Figure 61. Bivariate scatter plots for Tester A and Tester B ABR wave V latencies (ms) for air-
conducted CE-Chirps in neonates. Also illustrated is the regression line for predicting Tester B 
wave V latencies from Tester A wave V latencies to air-conducted CE-Chirps where Tester B 
wave V latency = 0.89 ms/ms (95% CI = 0.79 - 0.98) X Tester A wave V latency (ms) + 0.94 ms 
(95% CI = 0.17 - 1.7). 
  
B
B
B
B
BB
B
B
BB
B
BB
B
BB
B
B
B
B
B
BB
B
B
B
B
B
B
BB
B BB
B
B
B
B
BBB
BB
B
B
BB
B
B
0
6
7
8
9
10
11
12
0 6 7 8 9 10 11 12
Te
ste
r B
 W
av
e 
V 
La
te
nc
y (
m
s)
Tester A Wave V Latency (ms)
  175 
.  
 
Figure 62. Bivariate scatter plots for Tester A and Tester B ABR wave V amplitudes (µV) for 
air-conducted CE-Chirps in neonates. Also illustrated is the regression line equation for 
predicting Tester B wave V amplitudes from Tester A wave V amplitudes to air-conducted CE-
Chirps where Tester B wave V amplitude = 0.85 µV/µV (95% CI = 0.68 - 1.1) X Tester A wave 
V amplitude (µV) + 0.06 µV (95% CI = -0.01 - 0.13). 
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amplitudes with air-conducted CE-Chirps. With ABR wave V latencies, as expected, the main 
effect of stimulus intensity was statistically significant [F(2, 76.52) = 66.20, p < .0001]. With 
increasing stimulus intensity wave V latencies decreased. The main effect of tester [F(1, 112.67) 
= 0.07, p = .79] and the two-way interaction of tester by intensity [F(2, 76.52) = 0.05, p = .95] 
were not statistically significant.  
With air-conducted CE-Chirps the pattern was exactly the same for wave V amplitudes: 
The main effect of stimulus intensity was statistically significant [F(2, 82.78) = 32.01, p < 
.0001]. With increasing stimulus intensity wave V amplitudes increased. The main effect of  
tester [F(1, 101.76) = 0.02, p = .88] and the two-way interaction of tester by intensity [F(2, 
82.78) = 0.79, p = .46] were not statistically significant (p >.05). Boxplots showed no obvious 
violations from a normal distribution for the paired differences between testers (Figures 63 and 
64, respectively). 
Bone-Conducted CE-Chirps 
Representative waveforms for ABRs to CE-Chirp octave bands and tone bursts as a 
function of intensity are shown in Figure 65. Mean wave V latencies and amplitudes as a 
function of tester and intensity for bone-conducted CE-Chirps are shown in Table 41 and 42, 
respectively. Figures 66 and 67 depict these mean wave V latencies and amplitudes as a function 
of tester and intensity. No outliers or highly skewed data were seen in the boxplots for latency 
and amplitude (Figure 68 and 69, respectively). 
Similar analyses were conducted on wave V latencies and amplitudes to bone-conducted 
CE-Chirp as for air-conducted CE-Chirps. There were statistically significant correlations 
between testers for both ABR wave V latencies (r = .94, p < .0001) and amplitudes (r = .72, p <  
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Figure 63.. Boxplots of paired latency differences as a function of intensity in neonates using air-
conduction. The top, bottom, and line through the middle of the box denotes to the 75th 
percentile, 25th percentile, and 50th percentile (median) respectively. The whiskers extend from 
the 10th to 90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The 
squares in the boxes denote mean values. 
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Figure 64. Boxplots of paired amplitude differences as a function of intensity in neonates using 
air-conduction. The top, bottom, and line through the middle of the box denotes to the 75th 
percentile, 25th percentile, and 50th percentile (median) respectively. The whiskers extend from 
the 10th to 90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The 
squares in the boxes denote mean values. 
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Figure 65. Representative ABR waveforms from participant N130 with wave V labeled to BC 
CE-Chirps as a function of tester (Tester 1 top window, Tester 2 bottom window) and intensity 
(45, 30, and 15 dB nHL top to bottom). 
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Table 41. ABR Wave V Mean Peak Latencies (in ms) and Standard Deviations to Bone-
Conducted CE-Chirp Stimuli as a Function of Tester and Intensity in Neonates. 
Intensity (dB nHL) Tester 1 Tester 2 
45   
M 7.64 7.69 
(SD) (.74) (.74) 
30   
M 8.59 8.57 
(SD) (.62) (.67) 
15   
M 9.35 9.44 
(SD) (.57) (.72) 
Note. N = 20 for all conditions; M = mean wave V peak latency; SD = one standard deviation of 
the mean; N = sample size. 
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Table 42. ABR Wave V Mean Peak Amplitudes (in µV) and Standard Deviations to Bone-
Conducted CE-Chirp Stimuli as a Function of Tester and Intensity in Neonates. 
Intensity (dB nHL) Tester  1 Tester 2 
45   
M .51 .52 
(SD) (.18) (.13) 
30   
M .46 .44 
(SD) (.13) (.13) 
15   
M .30 .28 
(SD) (.11) (.10) 
Note. N = 20 for all conditions; M = mean wave V peak latency; SD = one standard deviation of 
the mean; N = sample size. 
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Figure 66. Wave V mean peak latencies (in ms) as a function of tester and intensity in neonates 
using bone-conducted CE-Chirps. Error bars represent +/- one SD of the mean  
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Figure 67. Wave V mean peak amplitudes (in µV) as a function of tester and intensity in 
neonates using bone-conducted CE-Chirps. Error bars represent plus one SD of the mean. 
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Figure 68. Boxplots of latency as a function of tester and intensity in neonates using bone-
conduction. The top, bottom, and line through the middle of the box denotes to the 75th 
percentile, 25th percentile, and 50th percentile (median) respectively. The whiskers extend from 
the 10th to 90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The 
circles in the boxes denote mean values. 
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Figure 69. Boxplots of amplitude as a function of tester and intensity in neonates using bone-
conduction. The top, bottom, and line through the middle of the box denotes to the 75th 
percentile, 25th percentile, and 50th percentile (median) respectively. The whiskers extend from 
the 10th to 90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The 
circles in the boxes denote mean values. 
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.0001) with bone-conducted CE-Chirps. Figures 70 and 71 are scatterplots to illustrate the 
correlations between testers for latency and amplitude, respectively.  
Two separate two-factor linear mixed model ANOVA with repeated measures were also 
performed to determine the effect of tester and stimulus intensity on wave V latencies and 
amplitudes with bone-conducted CE-Chirps. With bone-conducted CE-Chirps the pattern was 
the same as above: For ABR wave V latencies, the main effect of stimulus intensity was 
statistically significant [F(2, 113.49) = 77.23, p < .0001] while the main effect of tester [F(1, 
110.19) = 0.11, p = .74] and the two-way interaction of tester by intensity [F(2, 77.23) = 0.08, p 
= .92] were not.  
With ABR wave V amplitude, the main effect of stimulus intensity was statistically 
significant [F(2, 82.83) = 34.02, p < .0001] while the main effect of tester [F(1, 95.89) = 0.23, p 
= .63] and the two-way interaction of tester by intensity [F(2, 82.83) = 0.18, p = .84] were not. 
With increasing stimulus intensity, wave V latencies decreased and amplitudes increased. With 
ABR wave V amplitude, the main effect of stimulus intensity was statistically significant [F(2, 
82.83) = 34.02, p < .0001] while the main effect of tester [F(1, 95.89) = 0.23, p = .63] and the 
two-way interaction of tester by intensity [F(2, 82.83) = 0.18, p = .84] were not. With increasing 
stimulus intensity, wave V latencies decreased and amplitudes increased. Boxplots showed no 
obvious violations from a normal distribution for the paired differences between testers (Figures 
72 and 73, respectively). 
Discussion 
The aim of the second experiment was to examine the test-retest reliability of ABRs to 
chirp stimuli in newborns. This is the first report of reliability of ABRs to CE-Chirp stimuli in 
newborns. The findings are consistent with the notion that inter-tester reliability is excellent for 
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Figure 70. Bivariate scatter plots for Tester A and Tester B ABR wave V latencies (ms) for 
bone-conducted CE-Chirps in neonates. Also illustrated is the regression line for predicting 
Tester B wave V latencies from Tester A wave V latencies to bone-conducted CE-Chirps where 
Tester B wave V latency = 0.99 ms/ms (95% CI = 0.89 - 1.1) X Tester A wave V latency (ms) + 
0.11 ms (95% CI = -0.73 - 0.95). 
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Figure 71 Bivariate scatter plots for Tester A and Tester B ABR wave V amplitudes (µV) for 
bone-conducted CE-Chirps in neonates. Also illustrated is the regression line equation for 
predicting Tester B wave V amplitudes from Tester A wave V amplitudes to air-conducted CE-
Chirps where Tester B wave V amplitude = 0.67 µV/µV (95% CI = 0.50 - 0.84) X Tester A wave 
V amplitude (µV) + 0.13 µV (95% CI = 0.05 - 0.21). 
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Figure 72. Boxplots of paired latency differences as a function of intensity in neonates using 
bone-conduction. The top, bottom, and line through the middle of the box denotes to the 75th 
percentile, 25th percentile, and 50th percentile (median) respectively. The whiskers extend from 
the 10th to 90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The 
squares in the boxes denote mean values. 
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Figure 73. Boxplots of paired amplitude differences as a function of intensity in neonates using 
bone-conduction. The top, bottom, and line through the middle of the box denotes to the 75th 
percentile, 25th percentile, and 50th percentile (median) respectively. The whiskers extend from 
the 10th to 90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The 
squares in the boxes denote mean values. 
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newborn ABRs to air- and bone-conducted CE-Chirps. Statistically significant correlations were 
found between ABR measures of both wave V latencies and amplitudes to air- and bone-
conducted CE-Chirps made by two different testers within a test session. Mean and median 
differences between testers for both wave V latency and amplitude were near zero for all 
condition tested, with the largest inter-tester differences for amplitude being approximately 0.2 
µV and latency being approximately 0.4 ms, with the exception of a 0.7 ms difference at 15 dB 
nHL using bone-conduction (see Figures 63, 64, 72 , and 73).These findings are similar to those 
of Yang et al. (1993b), who demonstrated that ABRs to air- and bone-conducted clicks are 
reproducible and reliable when recorded under controlled stimulus conditions. They employed 
the same method of bone-conducted stimulus delivery as employed in this study. 
The wave V latencies for air-conducted CE-Chirps are longer than those for air-
conducted clicks than reported in newborns for the same stimulus and recording procedures. For 
example, compare averages herein of 7.8, 8.4, and 9.0 ms to 7.6, 8.1, and 8.6 ms for 60, 45, and 
30 dB nHL, respectively from a large cohort of newborns (N = 140) reported by Yang et al. 
(1993b). Interestingly, wave V latencies for bone-conducted CE-Chirps are similar to those for 
bone-conducted clicks reported by Yang et al.: compare 8.6 and 9.4 herein to 8.7 and 9.4 ms at 
30 and 15 dB nHL, respectively. Wave V amplitudes for both air- and bone-conducted CE-
Chirps are slightly larger than those for air- and bone-conducted clicks than reported in newborns 
for the same stimulus and recording procedures (Stuart & Yang, 1994; Stuart et al., 1994; Yang 
et al., 1991, Yang et al., 1993a). These comparisons must be viewed cautiously as ABRs to air- 
and bone-conducted CE-Chirps and clicks were not recorded in the same cohort of newborns. 
The stimulus conditions in this study are similar to those used in both screening and 
diagnostic assessments of newborns. Newborn hearing screenings are typically performed using 
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air-conducted clicks at 30-35 dB nHL with a relatively fast rate of stimulus presentation. The 
results found in this study with low intensity 30 dB nHL CE-Chirp and a fast rate of 57.7/s 
suggest that ABRs evoked with chirp stimuli may be a reliable technique for screening hearing in 
newborns. Additionally, the CE-Chirp could be effective for differential diagnosis of conductive 
and sensorineural hearing loss in infants as ABRs were reliably recorded using both air- and 
bone-conducted signal deliveries. 
As discussed earlier, research in adults and infants has demonstrated that chirp-evoked 
ABRs have statistically significant larger amplitudes than click-evoked ABRs. It stands to reason 
that using a chirp stimulus for both newborn hearing screening and threshold testing may 
substantially decrease test time, especially when using an objective cut-off criterion such as an 
Fsp ratio. Due to the excellent test-retest reliability demonstrated in this study and the potential 
for shorter test time, it is likely that the CE-Chirp will become an equal or superior tool for 
assessing hearing in newborns, when compared to the traditional click stimulus. 
 
  
CHAPTER IV: EXPERIMENT 3 – COMPARISON OF AUDITORY BRAINSTEM 
RESPONSES TO CHIRP STIMULI IN NEWBORNS AND YOUNG ADULTS 
The chirp has been reported to produce ABRs with amplitudes twice the size of those 
using click stimuli in adults (Cebulla & Elberling, 2010; Dau et al., 2000, Elberling & Don, 
2008; Elberling et al., 2010; Elberling & Don, 2010; Elberling et al., 2012a, 2012b; Kristensen & 
Elberling, 2012; Petoe et al., 2010a, 2010b). Recent research has also shown that ABR wave V 
amplitudes to broadband and octave band chirp stimuli are statistically significant larger than to 
traditional click and tonal stimuli in infants (Cebulla et al., 2014; Ferm et al., 2013; Mühler et al., 
2013). However, there are currently no published studies that examine age-related differences in 
ABR latencies and amplitudes to CE-Chirp and CE-Chirp octave band stimuli. The purpose of 
Experiment 3 was to examine the differences in ABR latency and amplitude indices to the chirp 
stimuli in newborns versus young adults as a function of intensity, rate, polarity, and frequency. 
Effects of gender and ear were also examined. 
Methods 
Participants 
The East Carolina University and Medical Center Institutional Review Board approved 
this research study prior to data collection or participant recruitment (see Appendix B). Infant 
participants were the same 168 healthy neonates described in Experiment 1. They were recruited 
from Vidant Medical Center, Greenville, NC, and were identified from the daily birth log 
provided by the Vidant Medical Center Audiology and Hearing Aid Center. Parent(s) of eligible 
neonates were identified and solicited for participation in their private rooms in the Vidant 
Medical Center by a member of the research team and were provided informed consent before 
testing began (see Appendix C). The participants ranged in age from 11 to 104 hours (M = 39.7 
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hours, SD = 18.2; 81 females and 87 males). One ear was tested on each infant – with right and 
left ears counterbalanced – for a total of 168 ears. The neonates were between 37-42 weeks 
gestational age (M = 39.1 weeks, SD = 1.3), with APGAR scores greater than or equal to 7 at 1 
and 5 minutes, birth weight greater than or equal to 2500 g, physically and neurologically 
normal, with no risk of hearing loss, who have passed a newborn hearing screening. A complete 
intake form is shown in Appendix D. 
Adult participants were 20 student, faculty, and/or volunteers solicited by word of mouth 
at East Carolina University. Participants were recruited on a volunteer basis and provided 
informed consent before testing began (see Appendix E). Adult participants were normal-hearing 
young adults [air-conduction thresholds ≤ 25 dB HL, as defined by Goodman (1965)]. The 
participants ranged in age from 20 to 31 years (M = 25.7 years, SD = 3.1; 10 females and 10 
males). Exclusion criteria for adults included any positive history of hearing loss, neurological, 
otological disorders, and/or communication impairments and if English is not their first 
language. A complete intake form is shown in Appendix F. 
Apparatus and Stimuli 
Each participant was tested using the GSI Audera Evoked Potential System with V2.7 
software, which features a broadband chirp stimulus called the CE-Chirp. Neonate recording was 
performed in quiet rooms at Vidant Medical Center, Greenville, NC. Background noise was 
measured using a Brüel & Kjær model 2250 sound level meter. Typical noise levels ranged from 
20-35 dBA. Adult recording was performed in a sound-treated booth in the Electrophysiology 
Laboratory in the Department of Communication Sciences and Disorders at East Carolina 
University, Greenville, NC. 
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Stimuli were 100µs air- and bone-conducted clicks; CE-Chirps; linear ramped 2-1-2 tone 
bursts at 500, 1000, 2000, and 4000 Hz; and CE-Chirp octave band stimuli at 500, 1000, 2000, 
and 4000 Hz.  Stimuli were delivered through an insert earphone (GSI TIP-50) coupled to a 3.5 
or 4 mm infant insert eartip for neonates, ER3-A insert earphone for adults, or a bone vibrator 
(Radioear B-71). Stimulus calibration was performed as described above in Chapter II. 
Procedure 
ABRs to monaural stimuli were acquired with neonates in natural sleep. ABRs were 
recorded using air- and bone-conducted CE-Chirp stimuli. Stimuli were delivered through a GSI 
model TIP-50 transducer coupled to an infant insert eartip and a Radioear B-71 bone vibrator.  
Prior to ABR testing, adult participants received a standard audiometric hearing 
evaluation including otoscopy, tympanometry, and audiometry (i.e., pure tone testing). Otoscopy 
is a visual examination of the ear canal and eardrum using an otoscope (i.e., a hand-held light). 
Tympanometry is an assessment of middle ear function. It consists of placing a soft rubber ear 
tip in the ear canal and changing the air pressure to see how the eardrum moves. Audiometry 
requires participants to listen to soft sounds and indicate that they heard by either raising their 
hand or pushing a button. This series of tests establishes that participants have normal hearing 
and middle ear function. 
ABRs to monaural stimuli were acquired with adult participants resting or in natural 
sleep. ABRs were recorded using air- and bone-conducted CE-Chirp stimuli. Stimuli were 
delivered through a GSI model TIP-50 transducer coupled to an insert earphone and a Radioear 
B-71 bone vibrator. An elastic band with Velcro was used to hold the bone vibrator on the 
inferior petrous portion of the temporal bone for neonate participants. The bone vibrator was 
placed on the ipsilateral mastoid with a traditional metal headband during stimulus delivery for 
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adult participants. Bone vibrator coupling force was measured using a spring scale. The coupling 
force was measured by attaching fishing line to the bone vibrator and pulling it with a spring 
scale until it just clears the scalp, as described by Yang and Stuart (1990) and Yang et al. (1991). 
For infants, the coupling force was verified to be 425 ± 25 g. For adults, the coupling force of the 
headband ranged from 410 to 500 g. 
An ipsilateral recording montage was used with the noninverting electrode on the high-
forehead (Fpz), inverting electrode on the ipsilateral inferior petrous portion of the temporal 
bone, and ground electrode on the contralateral inferior petrous portion of the temporal bone. 
Interelectrode impedances were maintained below 5000 Ω. The recorded EEG was amplified 105 
and bandpass filtered (30 to 3000 Hz). EEG samples exceeding ± 25 µV were rejected 
automatically. An analysis time of 13 ms post-stimulus was sampled at 25,000 Hz. A total of 
1026, 2044, 2030, and 2028 samples were averaged and replicated for 8.7, 27.7, 57.7, and 77.7/s, 
respectively.  
The presence of ABR waveform components was determined independently by the 
author and a second researcher, who has more than 25 years experience recording ABRs. For 
clicks and CE-Chirps, Wave I was identified as the first replicable positive peak after 1 ms. 
Wave III was identified as the first replicable positive peak after 3 ms. Wave V was identified as 
the first replicable positive peak after 5 ms in adults and after 7 ms in neonates. Replication was 
defined as two waveforms with identifiable wave peaks within 0.15 ms. If the wave V 
component was trough-like, round, or bimodal, the last point before rapid negative reflection was 
identified as the peak. Wave amplitude was measured from the peak to the most negative 
following trough within 3 ms before positive deflection. For tone burst stimuli in adults, wave V 
was identified as the first replicable peak after 5 ms for 4000 Hz, 6 ms for 2000 Hz, 7 ms for 
  197 
1000 Hz, and 9 ms for 500 Hz. For tone burst stimuli in neonates, wave V was identified as the 
first replicable peak after 7 ms for 4000 Hz, 7 ms for 2000 Hz, 8 ms for 1000 Hz, and 9 ms for 
500 Hz. Based on the data reported by Stangl et al. (2013), wave V was identified as the first 
replicable peak after 2 ms at 500 Hz, 4 ms at 1000 Hz, 5 ms at 2000 Hz, and 5 ms at 4000 Hz. 
Intensity 
To examine effects of intensity, air-conducted click and CE-Chirp stimuli were presented 
at 30, 45, and 60 dB nHL at a rate of 57.7/s with alternating polarity. Bone-conducted stimuli 
were presented at 15, 30, and 45 dB nHL at a rate of 57.7/s with alternating polarity.  
Rate 
To examine effects of rate, air-conducted click and CE-Chirp stimuli were presented at 
60 dB nHL at rate of 8.7, 27.7, 57.7, and 77.7/s with alternating polarity.  
Polarity 
To examine effects of polarity, air-conducted click and CE-Chirp stimuli were presented 
at 60 dB nHL at rates of 8.7 and 77.7/s with rarefaction, condensation, and alternating polarity.  
Frequency-Specific Stimuli 
Tone burst and CE-Chirp octave band stimuli centered at 500, 1000, 2000, and 4000 Hz 
was presented at a rate of 37.7/s. 
Results 
For Experiment 3, all of the adult participants underwent testing in all conditions. Not all 
neonatal participants underwent testing at all stimulus conditions, due to the nature of the 
research procedures that were employed. Therefore, the means and standard deviations for 
neonates presented in the summary tables for Experiment 3 represent the data collected from all 
of the neonates tested, regardless of the number of test conditions that were utilized. The 
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statistical analyzes presented in the ANOVA and post-hoc t-test tables, however, are 
representative of only those infants whose testing contained all values for the parameter of 
interest. In other words, a case-wise deletion was undertaken using SPSS Statistics software 
Version 20. The figures displayed for Experiment 3 also reflect the values that were used in 
ANOVA and post-hoc analyses.  
Because research has generally shown a gender effect for click-evoked ABRs in adults 
(Jerger & Hall, 1980; Stuart & Yang, 2001; Stockard et al., 1978), gender was included in the 
analysis for Experiment 3.  
Effects of Intensity 
Air Conduction 
Wave V latency 
Representative waveforms for ABRs to CE-Chirp as a function of group and intensity are 
shown in Figure 74. Means and standard deviations for wave V latencies to air-conducted CE-
Chirp stimuli as a function of group, intensity, and gender are shown in Table 43. Latency-
intensity functions are shown in Figure 75. No outliers or highly skewed data were seen in the 
boxplots were seen (see Figure 76). 
A three-factor repeated measures ANOVA was conducted to examine latency differences 
to air-conducted CE-Chirp stimuli as a function of group, intensity, and gender. The ANOVA 
summary is presented in Table 44. Mauchly’s Test of Sphericity was used to test the compound 
symmetry assumption. For instances in which Mauchly’s test indicated that the sphericity 
condition was not satisfied, the degrees of freedom and p values were adjusted and Greenhouse-
Geisser values were reported instead. There were statistically significant main effects of intensity 
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Figure 74. Representative ABR waveforms with wave V labeled to AC CE-Chirps as a function 
of group (neonate participant N147 in top window, adult participant A10 in bottom window) and 
intensity (60, 45, and 30 dB nHL top to bottom). 
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Table 43. ABR Mean Wave V Mean Peak Latencies (in ms) and Standard Deviations to Air-
Conducted Chirp Stimuli as a Function of Intensity, Group, and Gender. 
 Group 
 Neonate  Adult 
Intensity (dB nHL) Female Male Total  Female Male Total 
60 
M 
(SD) 
N 
 
7.69 
(.57) 
24 
 
7.92 
(.55) 
19 
 
7.79 
(.57) 
43 
  
6.46 
(.45) 
10 
 
6.70 
(.33) 
10 
 
6.58 
(.40) 
20 
45 
M 
(SD) 
N 
 
8.42 
(.62) 
22 
 
8.52 
(.52) 
19 
 
8.47 
(.57) 
41 
  
7.32 
(.51) 
10 
 
7.59 
(.27) 
10 
 
7.46 
(.42) 
20 
30 
M 
(SD) 
N 
 
9.02 
(.47) 
33 
 
9.02 
(.48) 
26 
 
9.03 
(.47) 
59 
  
8.07 
(.50) 
10 
 
8.44 
(.32) 
10 
 
8.26 
(.45) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean. 
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Figure 75. Wave V mean peak latencies (in ms) as a function of group and intensity using air-
conduction. Error bars represent +/- one SD of the mean. Asterisks denote statistically significant 
differences between neonates and adults (p < .05). 
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Figure 76. Boxplots of latency as a function of group and intensity using air-conduction. The 
top, bottom, and line through the middle of the box denotes to the 75th percentile, 25th 
percentile, and 50th percentile (median) respectively. The whiskers extend from the 10th to 90th 
percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The circles in the boxes 
denote mean values. 
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Table 44. Summary of Three-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Latency (in ms) to Air-Conducted Chirp Stimuli as a Function of 
Intensity (i.e., 60, 45, and 30 dB nHL), Group (i.e., Neonate and Adult), and Gender (i.e., 
Female and Male). 
Source Sum of 
Squares 
df Mean Square F p η!!    
Intensity 57.82 1.60 36.24 894.55 <.0001**a .94 
Group 41.43 1 41.43 59.48 <.0001** .52 
Gender 1.70 1 1.70 2.44 .12 .04 
Intensity x Group .99 1.60 .62 15.37 <.0001**a .22 
Intensity x Gender .02 1.60 .01 .28 .76a .01 
Group x Gender .29 1 .29 .41 .53 .01 
Intensity x Group x Gender .12 1.60 .07 1.79 .18a .03 
Note. N = 39 for neonates, N = 20 for adults; * statistically significant at p < .05; ** lower bound 
statistically significant at p < .05; a Greenhouse-Geisser value. 
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(p < .0001), group (p < .0001), and a two-way interaction of intensity by group (p < .0001). As 
expected, mean wave V latencies increased when intensity level decreased. Independent samples 
t-tests examined the intensity by group interaction and revealed that infants had statistically 
significant longer latencies at all intensities (see Table 45). No statistically significant main 
effects of gender or other two- or three-way interactions were seen.  
Wave V amplitude 
Means and standard deviations for wave V amplitudes to air-conducted CE-Chirp stimuli 
as a function of group, intensity, and gender are shown in Table 46. Amplitude-intensity 
functions are shown in Figure 77. No outliers or highly skewed data were seen in the boxplots 
were seen (see Figure 78). A three-factor repeated measures ANOVA was also conducted to 
examine amplitude differences to air-conducted stimuli as a function of intensity level, group, 
and gender (see Table 47). Again, when Mauchly’s Test showed that the sphericity condition 
was not satisfied, Greenhouse-Geisser values were reported instead. Statistically significant main 
effects of intensity (p < .0001) and group (p < .0001) were found. As expected, mean wave V 
amplitudes decreased, as intensity level decreased and adults had amplitudes that were 
statistically significant larger than infant amplitudes at all intensities. No statistically significant 
interactions or main effect of gender were found (p > .05).  
Bone Conduction 
Wave V latency 
Representative waveforms for ABRs to CE-Chirp as a function of group and intensity are 
shown in Figure 79. Means standard deviations for wave V latencies to bone-conducted CE-
Chirp stimuli as a function of group, intensity, and gender are shown in Table 48. Latency- 
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Table 45. Summary of Independent-Samples t-tests Examining the Interaction of Intensity and 
Group on Wave V Mean Peak Latency (in ms) to Air-Conducted Chirp Stimuli. 
 t-test for Equality of Means 
 
     
95% CI of the 
Difference 
Pair t df p Mean 
Difference 
Std. Error 
Difference 
Lower Upper 
Chirp at 60 dB nHL in Neonates vs. Adults 
 8.45 57 <.0001* 1.21 .14 .93 1.50 
Chirp at 45 dB nHL in Neonates vs. Adults 
 7.03 57 <.0001* 1.00 .14 .72 1.29 
Chirp at 30 dB nHL in Neonates vs. Adults 
 6.39 57 <.0001* .84 .13 .57 1.10 
Note. N = 39 for neonates, N = 20 for adults; * statistically significant at p < .05. 
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Table 46. ABR Mean Wave V Mean Peak Amplitudes (in µV) and Standard Deviations to Air-
Conducted Chirp Stimuli as a Function of Intensity, Group, and Gender.  
 Group 
 Neonate  Adult 
Intensity (dB nHL) Female Male Total  Female Male Total 
60 
M 
(SD) 
N 
 
.48 
(.14) 
24 
 
.54 
(.16) 
19 
 
.50 
(.15) 
43 
  
.83 
(.26) 
10 
 
.87 
(.24) 
10 
 
.85 
(.25) 
20 
45 
M 
(SD) 
N 
 
.40 
(.14) 
22 
 
.41 
(.12) 
19 
 
.40 
(.13) 
41 
  
.74 
(.26) 
10 
 
.82 
(.26) 
10 
 
.78 
(.25) 
20 
30 
M 
(SD) 
N 
 
.34 
(.12) 
33 
 
.34 
(.10) 
26 
 
.34 
(.11) 
59 
  
.63 
(.20) 
10 
 
.70 
(.22) 
10 
 
.66 
(.20) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean. 
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Figure 77. Wave V mean peak amplitudes (in µV) as a function of group and intensity using air-
conduction. Error bars represent plus one SD of the mean. Asterisks denote statistically 
significant differences between neonates and adults (p < .05). 
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Figure 78. Boxplots of amplitude as a function of group and intensity using air-conduction. The 
top, bottom, and line through the middle of the box denotes to the 75th percentile, 25th 
percentile, and 50th percentile (median), respectively. The whiskers extend from the 10th to 90th 
percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The circles in the boxes 
denote mean values. 
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Table 47. Summary of Three-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Amplitudes (in µV) to Air-Conducted Chirp Stimuli as a Function of 
Intensity (i.e., 60, 45, and 30 dB nHL), Group (i.e., Neonate and Adult), and Gender (i.e., 
Female and Male). 
Source Sum of 
Squares 
df Mean Square F p η!!    
Intensity .98 1.71 .57 69.73 <.0001**a .56 
Group 4.99 1 4.99 64.68 <.0001** .54 
Gender .09 1 .09 1.21 .28 .02 
Intensity x Group .01 1.71 .003 .34 .68a .01 
Intensity x Gender .002 1.71 .001 .17 .81a .003 
Group x Gender .01 1 .01 .14 .71 .002 
Intensity x Group x Gender .02 1.71 .01 1.22 .30a .02 
Note. N = 39 for neonates, N = 20 for adults; * statistically significant at p < .05; ** lower bound 
statistically significant at p < .05; a Greenhouse-Geisser value. 
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Figure 79. Representative ABR waveforms with wave V labeled to BC CE-Chirps as a function 
of group (neonate participant N129 in top window, adult participant A10 in bottom window) and 
intensity (45, 30, and 15 dB nHL top to bottom). 
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Table 48. ABR Mean Wave V Mean Peak Latencies (in ms) and Standard Deviations to Bone-
Conducted Chirp Stimuli as a Function of Intensity, Group, and Gender. 
 Group 
 Neonate  Adult 
Intensity (dB nHL) Female Male Total  Female Male Total 
45 
M 
(SD) 
N 
 
7.85 
(.87) 
16 
 
7.91 
(.82) 
18 
 
7.88 
(.83) 
34 
  
8.13 
(.50) 
10 
 
8.36 
(.30) 
10 
 
8.24 
(.42) 
20 
30 
M 
(SD) 
N 
 
8.68 
(.73) 
17 
 
8.85 
(.65) 
18 
 
8.78 
(.69) 
37 
  
8.83 
(.52) 
10 
 
8.94 
(.46) 
10 
 
8.88 
(.48) 
20 
15 
M 
(SD) 
N 
 
9.59 
(.79) 
16 
 
9.58 
(.73) 
18 
 
9.58 
(.75) 
34 
  
9.97 
(.65) 
10 
 
10.06 
(.83) 
10 
 
10.02 
(.73) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean. 
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intensity functions are shown in Figure 80. No outliers or highly skewed data were seen in the 
boxplots were seen (see Figure 81).  
A three-factor repeated measures ANOVA was conducted to examine latency differences 
to bone-conducted CE-Chirp stimuli as a function of group, intensity, and gender. Table 49 
shows the ANOVA summary. Greenhouse-Geisser values were reported when Mauchly’s test 
indicated that the sphericity condition was not satisfied. There was a statistically significant main 
effect of intensity (p < .0001) and a statistically significant two-way interaction of intensity by 
group (p < .05). As expected, mean wave V latencies increased when intensity level decreased. 
Independent samples t-tests examined the intensity by group interaction (see Table 50). The only 
statistically significant difference in latency occurred at 45 dB nHL, where infants had shorter 
mean latencies than adults. No statistically significant main effects of gender or other two- or 
three-way interactions were seen.  
Wave V amplitude 
Means and standard deviations for wave V amplitudes to bone-conducted CE-Chirp 
stimuli as a function of group, intensity, and gender are shown Table 51. Amplitude-intensity 
functions are shown in Figure 82. No outliers or highly skewed data were seen in the boxplots 
were seen (see Figure 83). 
A three-factor repeated measures ANOVA was also conducted to examine amplitude 
differences to bone- conducted stimuli as a function of intensity level, group, and gender (see 
Table 52). Again, when Mauchly’s Test showed that the sphericity condition was not satisfied, 
Greenhouse-Geisser values were reported instead. Statistically significant main effects of 
intensity (p < .0001) and group (p = .05) were seen. As expected, mean wave V amplitudes 
decreased as intensity level decreased and adult amplitudes were statistically significant larger  
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Figure 80. Wave V mean peak latencies (in ms) as a function of group and intensity using bone-
conduction. Error bars represent +/- one SD of the mean. The asterisks denotea a statistically 
significant difference between neonates and adults (p < .05). 
B
B
B
J
J
J
15 30 45
0
6
7
8
9
10
11
W
av
e 
V 
La
te
nc
y (
m
s)
Intensity (dB nHL)
B Neonate J Adult
*
*
  214 
 
 
Figure 81. Boxplots of latency as a function of group and intensity using bone-conduction. The 
top, bottom, and line through the middle of the box denotes to the 75th percentile, 25th 
percentile, and 50th percentile (median) respectively. The whiskers extend from the 10th to 90th 
percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The circles in the boxes 
denote mean values. 
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Table 49. Summary of Three-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Latencies (in ms) to Bone-Conducted Chirp Stimuli as a Function 
of Intensity (i.e., 60, 45, and 30 dB nHL), Group (i.e., Neonate and Adult), and Gender (i.e., 
Female and Male). 
Source Sum of 
Squares 
df Mean Square F p η!!    
Intensity 77.75 1.575 49.38 416.56 <.0001**a .90 
Group 3.77 1 3.77 2.86 .10 .06 
Gender .35 1 .35 .26 .61 .01 
Intensity x Group .67 1.575 .42 3.57 .043*a .07 
Intensity x Gender .05 1.575 .03 .26 .72 .01 
Group x Gender .07 1 .07 .06 .81 .001 
Intensity x Group x Gender .17 1.575 .11 .89 .39 .02 
Note. N = 32 for neonates, N = 20 for adults; * statistically significant at p < .05; ** lower bound 
statistically significant at p < .05; a Greenhouse-Geisser value. 
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Table 50. Summary of Independent-Samples t-tests Examining the Interaction of Intensity and 
Group on Wave V Mean Peak Latencies (in ms) to Bone-Conducted Chirp Stimuli. 
 t-test for Equality of Means 
      95% CI of the 
Difference 
Pair t df p Mean 
Difference 
Std. Error 
Difference 
Lower Upper 
Chirp at 45 dB nHL in Neonates vs. Adults 
 -2.38 48.36 .02* -.41 .17 -.76 -.06 
Chirp at 30 dB nHL in Neonates vs. Adults 
 -.71 50 .48 -.13 .17 -.46 .20 
Chirp at 15 dB nHL in Neonates vs. Adults 
 -1.95 50 .06 -.42 .21 -.84 .01 
Note. N = 32 for neonates, N = 20 for adults; * statistically significant at p < .05. 
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Table 51. ABR Mean Wave V Peak Amplitudes (µV) to Bone-Conducted Chirp Stimuli as a 
Function of Intensity, Group, and Gender. 
 Group 
 Neonate  Adult 
Intensity (dB nHL) Female Male Total  Female Male Total 
45 
M 
(SD) 
N 
 
.54 
(.20) 
16 
 
.66 
(.47) 
18 
 
.61 
(.37) 
34 
  
.86 
(.32) 
10 
 
.73 
(.15) 
10 
 
.79 
(.25) 
20 
30 
M 
(SD) 
N 
 
.47 
(.14) 
17 
 
.39 
(.12) 
20 
 
.43 
(.13) 
37 
  
.59 
(.24) 
10 
 
.51 
(.09) 
10 
 
.55 
(.18) 
20 
15 
M 
(SD) 
N 
 
.27 
(.10) 
16 
 
.30 
(.11) 
18 
 
.28 
(.11) 
34 
  
.26 
(.16) 
10 
 
.28 
(.08) 
10 
 
.27 
(.13) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean. 
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Figure 82. Wave V mean peak amplitudes (in µV) as a function of group and intensity using 
bone-conduction. Error bars represent plus one SD of the mean. Asterisks denote statistically 
significant differences between neonates and adults (p < .05). 
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Figure 83. Boxplots of amplitude as a function of group and intensity using bone-conduction. 
The top, bottom, and line through the middle of the box denotes to the 75th percentile, 25th 
percentile, and 50th percentile (median) respectively. The whiskers extend from the 10th to 90th 
percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The circles in the boxes 
denote mean values. 
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Table 52. Summary of Three-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Amplitudes (in µV) to Bone-Conducted Chirp Stimuli as a Function 
of Intensity (i.e., 45, 30, and 15 dB nHL), Group (i.e., Neonate and Adult), and Gender (i.e., 
Female and Male). 
Source Sum of 
Squares 
df Mean Square F p η!!    
Intensity 4.41 1.20 3.66 58.54 <.0001**a .55 
Group .30 1 .30 4.06 .05* .08 
Gender .004 1 .004 .05 .82 .001 
Intensity x Group .25 1.20 .20 3.26 .07a .06 
Intensity x Gender .06 1.20 .05 .75 .41a .02 
Group x Gender .10 1 .10 1.29 .26 .03 
Intensity x Group x Gender .13 1.20 .11 1.77 .19a .04 
Note. N = 32 for neonates, N = 20 for adults; * statistically significant at p < .05; ** lower bound 
statistically significant at p < .05; a Greenhouse-Geisser value. 
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than infants’. No two- or three-way interactions of group, intensity, or main effect of gender 
were found (p > .05).  
Effects of Rate 
Wave V Latency 
Representative waveforms for ABRs to CE-Chirp as a function of group and rate are 
shown in Figure 84. Means and standard deviations for wave V latencies as a function of group, 
rate, and gender are shown in Table 53. Latency-rate functions are shown in Figure 85. No 
outliers or highly skewed data were seen in the boxplots were seen (see Figure 86). 
Separate two-factor repeated measures ANOVAs were conducted to examine latency 
differences to CE-Chirp stimuli as a function of group and gender for each of the four rates. The 
ANOVA summaries are shown in Table 54 through 57. Greenhouse-Geisser values were 
reported when sphericity could not be assumed. For all four rates, a statistically significant main 
effect of group (p < .0001) was seen, with wave V latencies in adults being shorter than neonates 
at each rate. No statistically significant main effects of gender or interactions group by gender 
interactions were seen for any rate 
Wave V Amplitude 
Means and standard deviations for wave V latencies to CE-Chirp stimuli presented at 
rates of 8.7, 27.7, 57.7, and 77.7/s are shown in Table 58. Figure 87 depicts amplitude-rate 
relationships. No outliers or highly skewed data were seen in the boxplots were seen (see Figure 
88). 
Separate two-factor repeated measures ANOVAs were conducted to examine amplitude 
differences to CE-Chirp stimuli as a function of group and gender for each of the four rates (see 
Table 59 through Table 62). As with latency, the main effect of group (p < .0001) was 
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Figure 84. Representative ABR waveforms with wave V labeled to AC CE-Chirps as a function 
of group (neonate participant N161 in top window, adult participant A10 in bottom window) and 
rate (8.7, 27.7, 57.7, and 77.7/s top to bottom). 
.
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Table 53. ABR Wave V Mean Peak Latencies (in ms) and Standard Deviations to Air-Conducted 
CE-Chirp Stimulus as a Function of Rate, Group, and Gender. 
 Group 
 Neonate   Adult  
Rate (/s) Female Male Total  Female Male Total 
8.7        
M 6.67 6.73 6.70  5.52 5.66 5.59 
(SD) (.57) (.60) (.57)  (.33) (.48) (.41) 
N 11 11 22  10 10 20 
27.7        
M 7.05 7.11 7.08  5.87 6.00 5.94 
(SD) (.30) (.44) (.37)  (.42) (.45) (.43) 
N 9 11 20  10 10 20 
57.7        
M 7.69 7.92 7.79  6.46 6.70 6.58 
(SD) (.57) (.55) (.57)  (.45) (.33) (.40) 
N 24 19 43  10 10 20 
77.7        
M 7.92 8.10 8.00  6.73 7.03 6.88 
(SD) (.70) (.66) (.67)  (.57) (.34) (.48) 
N 12 10 22  10 10 20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Figure 85. Wave V mean peak latencies (in ms) as a function of group and rate. Error bars 
represent +/- one SD of the mean. Asterisks denote statistically significant differences between 
neonates and adults (p < .05). 
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Figure 86. Boxplots of latency as a function of group and rate using air-conduction. The top, 
bottom, and line through the middle of the box denotes to the 75th percentile, 25th percentile, 
and 50th percentile (median) respectively. The whiskers extend from the 10th to 90th percentile. 
Outliers beyond the 10th and 90th percentiles are not plotted. The circles in the boxes denote 
mean values. 
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Table 54. Summary of Two-Factor Univariate ANOVA Comparing Differences Between Wave V 
Mean Peak Latencies (in ms) to Air-Conducted CE-Chirp Stimuli as a Function of Group (i.e., 
Neonate and Adult) and Gender (i.e., Female and Male) at 8.7/s. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Group 12.94 1 12.94 49.72 <.0001* .57 
Gender .11 1 .11 .41 .53 .01 
Group x Gender .02 1 .02 .08 .77 .002 
Note. N = 32 for neonates, N = 20 for adults; * statistically significant at p < .05. 
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Table 55. Summary of Two-Factor Univariate ANOVA Comparing Differences Between Wave V 
Mean Peak Latencies (in ms) to Air-Conducted CE-Chirp Stimuli as a Function of Group (i.e., 
Neonate and Adult) and Gender (i.e., Female and Male) at 27.7/s. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Group 12.94 1 12.94 76.46 <.0001* .68 
Gender  .09 1 .09 .50 .48 .01 
Group x Gender .01 1 .01 .08 .78 .002 
Note. N = 32 for neonates, N = 20 for adults; * statistically significant at p < .05. 
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Table 56. Summary of Two-Factor Univariate ANOVA Comparing Differences Between Wave V 
Mean Peak Latencies (in ms) to Air-Conducted CE-Chirp Stimuli as a Function of Group (i.e., 
Neonate and Adult) and Gender (i.e., Female and Male) at 57.7/s. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Group 20.45 1 20.45 76.30 <.0001* .56 
Gender .74 1 .74 2.78 .10 .05 
Group x Gender .000 1 .000 .001 .97 .000 
Note. N = 32 for neonates, N = 20 for adults; * statistically significant at p < .05. 
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Table 57. Summary of Two-Factor Univariate ANOVA Comparing Differences Between Wave V 
Mean Peak Latencies (in ms) to Air-Conducted CE-Chirp Stimuli as a Function of Group (i.e., 
Neonate and Adult) and Gender (i.e., Female and Male) at 77.7/s. 
Source Sum of 
Squares 
df Mean Square F p η!!   
Group 13.41 1 13.41 38.38 <.0001* .50 
Gender .58 1 .58 1.66 .21 .04 
Group x Gender .04 1 .04 .11 .74 .003 
Note. N = 32 for neonates, N = 20 for adults; * statistically significant at p < .05. 
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Table 58. ABR Wave V Mean Peak Amplitudes (in µV) and Standard Deviations to Air-
Conducted CE-Chirp Stimulus as a Function of Rate, Group, and Gender.  
 Group 
 Neonate  Adult 
Rate (/s) Female Male Total  Female Male Total 
8.7        
M .54 .60 .57  .92 .88 .90 
(SD) (.18) (.10) (.15)  (.26) (.28) (.26) 
N 11 11 22  10 10 20 
27.7        
M .65 .55 .60  .85 .85 .85 
(SD) (.16) (.13) (.15)  (.24) (.21) (.22) 
N 9 11 20  10 10 20 
57.7        
M .48 .54 .50  .83 .87 .85 
(SD) (.14) (.16) (.15)  (.26) (.24) (.25) 
N 24 19 43  10 10 20 
77.7        
M .42 .51 .46  .95 .85 .90 
(SD) (.18) (.14) (.17)  (.29) (.22) (.25) 
N 12 10 22  10 10 20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Figure 87. Wave V mean peak amplitudes (in µV) as a function of group and rate. Error bars 
represent plus one SD of the mean. Asterisks denote statistically significant differences between 
neonates and adults (p < .05). 
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Figure 88. Boxplots of amplitude as a function of group and rate using air-conduction. The top, 
bottom, and line through the middle of the box denotes to the 75th percentile, 25th percentile, 
and 50th percentile (median) respectively. The whiskers extend from the 10th to 90th percentile. 
Outliers beyond the 10th and 90th percentiles are not plotted. The circles in the boxes denote 
mean values. 
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Table 59. Summary of Two-Factor Univariate ANOVA Comparing Differences Between Wave V 
Mean Peak Amplitudes (in µV) to Air-Conducted CE-Chirp Stimuli as a Function of Group (i.e., 
Neonate and Adult) and Gender (i.e., Female and Male) at 8.7/s. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Group 1.15 1 1.15 24.94 <.0001* .40 
Gender .002 1 .002 .03 .86 .001 
Group x Gender .02 1 .02 .44 .51 .01 
Note. N = 32 for neonates, N = 20 for adults; * statistically significant at p < .05. 
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Table 60. Summary of Two-Factor Univariate ANOVA Comparing Differences Between Wave V 
Mean Peak Amplitudes (in µV) to Air-Conducted CE-Chirp Stimuli as a Function of Group (i.e., 
Neonate and Adult) and Gender (i.e., Female and Male) at 27.7/s. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Group .63 1 .63 16.98 <.0001* .32 
Gender .03 1 .03 .71 .40 .02 
Group x Gender .03 1 .03 .74 .40 .02 
Note. N = 32 for neonates, N = 20 for adults; * statistically significant at p < .05. 
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Table 61. Summary of Two-Factor Univariate ANOVA Comparing Differences Between Wave V 
Mean Peak Amplitudes (in µV) to Air-Conducted CE-Chirp Stimuli as a Function of Group (i.e., 
Neonate and Adult) and Gender (i.e., Female and Male) at 57.7/s. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Group 1.61 1 1.61 46.62 <.0001* .44 
Gender .03 1 .03 .99 .32 .02 
Group x Gender .001 1 .001 .02 .90 .000 
Note. N = 32 for neonates, N = 20 for adults; * statistically significant at p < .05. 
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Table 62. Summary of Two-Factor Univariate ANOVA Comparing Differences Between Wave V 
Mean Peak Amplitudes (in µV) to Air-Conducted CE-Chirp Stimuli as a Function of Group (i.e., 
Neonate and Adult) and Gender (i.e., Female and Male) at 77.7/s. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Group 1.93 1 1.93 42.59 <.0001* .53 
Gender .000 1 .000 .00 .98 .00 
Group x Gender .10 1 .10 2.25 .14 .06 
Note. N = 32 for neonates, N = 20 for adults; * statistically significant at p < .05. 
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statistically significant for each rate – adults had larger mean wave V amplitudes than neonates 
at every rate. The main effect of gender and two-way interaction between group and gender was 
not statistically significant at any rate.  
Effects of Polarity 
Presence of Waves I, III, and V 
Representative waveforms for ABRs to CE-Chirp as a function of group, polarity, and 
rate are shown in Figure 89. Table 63 and Figure 90 show the percentage of ABRs in adults and 
neonates that contained waves I, III and V, as a function of polarity when using a rate of 8.7/s. In 
neonates and adults, wave I was visible in 0-61% and 5-20% of ABRs, respectively, depending 
on polarity. The percentage of ABRs with a visible Wave III ranged from 0-78 and 5-50%, for 
infants and adults, respectively, depending on polarity. Wave V was present in 100% of chirp-
evoked ABRs in newborns and adults. Table 64 provides means and standard deviations for the 
latencies of waves I, III and V to CE-Chirp stimuli presented using alternating, condensation, 
and rarefaction polarities using rates of 8.7/s. 
Wave V Latency 
Means and standard deviations for wave V latencies as a function of group, gender, 
polarity, and rate can be found in Table 65. Figure 91 depicts the relationships between polarity, 
rate, group, and latency for CE-Chirp stimuli. No outliers or highly skewed data were seen in the 
boxplots were seen (see Figure 92).  
A four-factor ANOVA was conducted to examine latency differences as a function of 
polarity, rate, group, and gender (see Table 66). Greenhouse-Geisser values are reported when 
Mauchly’s Test showed that the sphericity condition was not satisfied. The main effects of rate 
and group were statistically significant (p < .0001). As discussed above, the mean wave V 
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Figure 89. Representative ABR waveforms with wave V labeled to AC CE-Chirps as a function 
of group (neonate participant N30 in top window, adult participant A10 in bottom window) at 
8.7 (top two waves) and 77.7/s (bottom two waves) and polarity (condensation on top and 
rarefaction on bottom). 
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Table 63. Percentage of Presence of Waves I, III, and V as a Function of Group and Polarity. 
 Wave I 
 Polarity 
Group Alternating Condensation Rarefaction 
Neonates 0/18 (0%) 11/18 (61%) 10/18 (56%) 
Adults 1/20 (5%) 3/20 (15%) 4/20 (20%) 
 Wave III 
 Polarity 
Group Alternating Condensation Rarefaction 
Neonates 0/18 (0%) 14/18 (78%) 12/18 (67%) 
Adults 1/20 (5%) 8/20 (40%) 10/20 (50%) 
 Wave V 
 Polarity 
Group Alternating Condensation Rarefaction 
Neonates 18/18 (100%) 18/18  (100%) 18/18 (100%) 
Adults 20/20 (100%) 20/20  (100%) 20/20 (100%) 
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Figure 90. Percentage of presence of waves I, III, and V as a function of group and polarity. 
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Table 64. ABR Waves I, III, and V Mean Peak Latencies (in ms) and Standard Deviations as a 
Function of Group and Polarity at a Rate of 8.7/s. 
Wave I 
 Polarity 
Group Condensation Rarefaction 
Neonates 
M 
(SD) 
N 
 
2.05 
(.31) 
11 
 
2.03 
(.33) 
10 
Adults 
M 
(SD) 
N 
 
1.47 
(.19) 
20 
 
1.68 
(.19) 
20 
Wave III 
 Polarity 
Group Condensation Rarefaction 
Neonates 
M 
(SD) 
N 
 
4.52 
(.29) 
13 
 
4.52 
(.40) 
12 
Adults 
M 
(SD) 
N 
 
3.55 
(.53) 
20 
 
3.70 
(.46) 
20 
Wave V 
 Polarity 
Group Condensation Rarefaction 
Neonates 
M 
(SD) 
N 
 
6.82 
(.56) 
18 
 
6.83 
(.60) 
18 
Adults 
M 
(SD) 
N 
 
5.57 
(.41) 
20 
 
5.50 
(.51) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Table 65. ABR Wave V Mean Peak Latencies (in ms) and Standard Deviations in Neonates and 
Adults to Air-Conducted CE-Chirp Stimuli as a Function of Group, Gender Rate, and Polarity. 
 Group 
 Neonate  Adult 
Rate (/s) Female Male Total  Female Male Total 
8.7/s Condensation        
M 6.72 6.95 6.82  5.53 5.61 5.57 
(SD) (.55) (.59) (.56)  (.33) (.49) (.41) 
N 10 9 19  10 10 20 
8.7/s Rarefaction        
M 6.74 6.96 6.83  5.35 5.65 5.50 
(SD) (.67) (.51) (.60)  (.55) (.44) (.51) 
N 10 9 19  10 10 20 
77.7/s Condensation        
M 7.96 8.24 8.11  6.68 7.03 6.85 
(SD) (.69) (.53) (.63)  (.60) (.35) (.51) 
N 10 9 19  10 10 20 
77.7/s Rarefaction        
M 8.04 8.16 8.12  6.68 7.02 6.85 
(SD) (.68) (.63) (.65)  (.56) (.39) (.50) 
N 10 9 19  10 10 20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Figure 91. Wave V mean peak latencies (in ms) as a function of group, polarity, and rate. Error 
bars represent one plus SD of the mean. Asterisks denote statistically significant differences 
between neonates and adults (p < .05). 
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Figure 92. Boxplots of latency as a function of group, polarity, and rate (8.7/s on top; 77.7/s on 
bottom) using air-conduction. The top, bottom, and line through the middle of the box denotes to 
the 75th percentile, 25th percentile, and 50th percentile (median) respectively. The whiskers 
extend from the 10th to 90th percentile. Outliers beyond the 10th and 90th percentiles are not 
plotted. The circles in the boxes denote mean values. 
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Table 66. Summary of Four-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Latencies (in ms) to Air-Conducted CE-Chirp Stimuli as a Function 
of Polarity (i.e., Condensation and Rarefaction), Rate (i.e., 8.7 and 77.7/s), Group (i.e., Neonate 
and Adult) and Gender (i.e., Female and Male). 
Source Sum of 
Squares 
df Mean Square F p η!!    
Rate	   63.53	   1	   63.53	   332.79 <.0001**	   .91	  
Polarity	   .01	   1	   .01	   .44	   .51	   .01	  
Group	   64.68	   1	   64.68	   69.78	   <.0001**	   .67	  
Gender	   2.01	   1	   2.01	   2.17	   .15	   .06	  
Rate x Group	   .06	   1	   .06	   .30	   .59	   .01	  
Rate x Gender	   .001	   1	   .001	   .005	   .94	   .000	  
Polarity x Group	   .02	   1	   .02	   .75	   .39	   .02	  
Polarity x Gender	   .000	   1	   .000 .02	   .90	   .000	  
Rate x Polarity 	   .01	   1	   .01	   .44	   .51	   .01	  
Group x Gender	   .06	   1	   .06	   .06	   .81	   .002	  
Polarity x Group x Gender	   .09	   1	   .09	   3.19	   .08	   .08	  
Rate x Polarity x Group	   .01	   1	   .01	   .32	   .58	   .01	  
Rate x Polarity x Gender	   .07	   1	   .07	   2.22	   .15	   .06	  
Rate x Group x Gender	   .25	   1	   .25	   1.29	   .26	   .04	  
Rate x Polarity x Group x 	  
Gender	  
.01	   1	   .01	   .26	   .61 .01	  
Note. N = 19 for neonates, N = 20 for adults for ANOVA; * statistically significant at p < .05; ** 
lower bound statistically significant at p < .05.  
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latencies were shorter for 8.7/s than 77.7/s, which is an expected outcome. Adults also exhibited 
significantly shorter (p < .0001) wave V latencies than neonates (i.e., approximately 1.25 ms; see 
Table 65), which is in agreement with the hypothesis for Experiment 3. There were no 
statistically significant main effects of polarity or gender and no statistically significant two-, 
three-, or four-way interactions.  
Wave V Amplitude 
Means and standard deviations for newborn and adult wave V amplitudes as a function of 
group, polarity, and rate can be found in Table 67. Figure 93 depicts the relationships between 
polarity, rate, group, and amplitude for CE-Chirp stimuli. No outliers or highly skewed data were 
seen in the boxplots were seen (see Figure 94). 
Another four-factor ANOVA was conducted to examine amplitude differences as a 
function of polarity, rate, group, and gender (see Table 68). Greenhouse-Geisser values are 
reported when Mauchly’s Test showed that the sphericity condition was not satisfied. 
Statistically significant main effects were seen with group (p < .0001). Adults had larger wave V 
amplitudes than neonates, which supports the hypothesis for Experiment 3. There were no 
statistically significant main effects of polarity or gender and no statistically significant two-, 
three-, or four-way interactions on amplitude.  
Effects of Frequency 
Wave V Latency 
Representative waveforms for ABRs to CE-Chirp as a function of group and frequency 
are shown in Figures 95-98. Means and standard deviations for wave V latencies as a function of 
intensity, group, and gender for each of the four frequencies (500, 1000, 2000, and 4000 Hz) are 
presented in Table 69 through Table 72. Figure 99 depicts the relationships between frequency,  
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Table 67. ABR Wave V Mean Peak Amplitudes (in µV) in Neonates and Adults to Air-Conducted 
CE-Chirp Stimuli as a Function of Polarity at 8.7/s. 
 Group 
 Neonate  Adult 
Rate (/s) Female Male Total  Female Male Total 
8.7/s Condensation        
M .52 .61 .56  .93 .86 .90 
(SD) (.19) (.13) (.17)  (.27) (.33) (.29) 
N 10 9 19  10 10 20 
8.7/s Rarefaction        
M .46 .54 .50  .93 .79 .86 
(SD) (.18) (.15) (.17)  (.19) (.26) (.24) 
N 10 9 19  10 10 20 
77.7/s Condensation        
M .40 .49 .45  .95 .88 .91 
(SD) (.17) (.13) (.16)  (.32) (.25) (.28) 
N 10 9 19  10 10 20 
77.7/s Rarefaction        
M .41 .55 .47  .98 .88 .93 
(SD) (.16) (.16) (.17)  (.32) (.25) (.28) 
N 10 9 19  10 10 20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Figure 93. Wave V mean peak amplitudes (in µV) as a function of group, polarity, and rate in 
neonates. Error bars represent plus one SD of the mean. Asterisks denote statistically significant 
differences between neonates and adults (p < .05). 
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Figure 94. Boxplots of amplitude as a function of group, polarity, and rate (8.7/s on top; 77.7/s 
on bottom) using air-conduction. The top, bottom, and line through the middle of the box denotes 
to the 75th percentile, 25th percentile, and 50th percentile (median) respectively. The whiskers 
extend from the 10th to 90th percentile. Outliers beyond the 10th and 90th percentiles are not 
plotted. The circles in the boxes denote mean values. 
A
lte
rn
at
in
g
C
on
de
ns
at
io
n
R
ar
ef
ac
tio
n
0
0.25
0.5
0.75
1
1.25
1.5
W
av
e 
V
 A
m
pl
itu
de
 (µ
V
) 
Neonates
A
lte
rn
at
in
g
C
on
de
ns
at
io
n
R
ar
ef
ac
tio
n
0
0.25
0.5
0.75
1
1.25
1.5
Adults
A
lte
rn
at
in
g
C
on
de
ns
at
io
n
R
ar
ef
ac
tio
n
0
0.25
0.5
0.75
1
1.25
1.5
W
av
e 
V
 A
m
pl
itu
de
 (µ
V
) 
Neonates
A
lte
rn
at
in
g
C
on
de
ns
at
io
n
R
ar
ef
ac
tio
n
0
0.25
0.5
0.75
1
1.25
1.5
Adults
  250 
Table 68. Summary of Four-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Amplitudes (in µV) to Air-Conducted CE-Chirp Stimuli as a 
Function of Polarity (i.e., Condensation and Rarefaction), Rate (i.e., 8.7 and 77.7/s), Group (i.e., 
Neonate and Adult) and Gender (i.e., Female and Male). 
Source Sum of 
Squares 
df Mean Square F p η!!    
Rate	   .001	   1	   .001	   .02	   .90	   .000	  
Polarity	   .01	   1	   .01	   .48	   .49	   .01	  
Group	   6.40	   1	   6.40	   47.91	   <.0001**	   .58	  
Gender	   .002	   1	   .002	   .01	   .91	   .000	  
Rate x Group	   .09	   1	   .09	   1.97	   .17	   .05	  
Rate x Gender	   .01	   1	   .01	   .30	   .59	   .01	  
Polarity x Group	   .001	   1	   .001	   .03	   .86	   .001	  
Polarity x Gender	   .003	   1	   .003	   .19	   .67	   .01	  
Rate x Polarity 	   .04	   1	   .04	   2.50	   .12	   .07	  
Group x Gender	   .30	   1	   .30	   2.27	   .14	   .06	  
Polarity x Group x Gender	   .02	   1	   .02	   1.12	   .30	   .03	  
Rate x Polarity x Group	   .001	   1	   .001	   .04	   .85	   .001	  
Rate x Polarity x Gender	   .003	   1	   .003	   .21	   .65	   .02	  
Rate x Group x Gender	   .003	   1	   .003	   .06	   .80	   .002	  
Rate x Polarity x Group x 	  
Gender	  
.000	   1	   .000 .005	   .95	   .000	  
Note. N = 19 for neonates, N = 20 for adults for ANOVA; * statistically significant at p < .05; ** 
lower bound statistically significant at p < .05. 
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Figure 95. Representative ABR waveforms with wave V labeled to 500 Hz AC CE-Chirp octave 
bands as a function of group (neonate participant N115 in top window, adult participant A10 in 
bottom) and intensity (60, 45, and 30 dB nHL top to bottom). 
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Figure 96. Representative ABR waveforms with wave V labeled to 1000 Hz AC CE-Chirp 
octave bands as a function of group (neonate participant N115 in top window, adult participant 
A10 in bottom) and intensity (60, 45, and 30 dB nHL top to bottom). 
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Figure 97. Representative ABR waveforms with wave V labeled to 2000 Hz AC CE-Chirp 
octave bands as a function of group (neonate participant N80 in top window, adult participant 
A10 in bottom) and intensity (60, 45, and 30 dB nHL top to bottom). 
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Figure 98. Representative ABR waveforms with wave V labeled to 4000 Hz AC CE-Chirp 
octave bands as a function of group (neonate participant N60 in top window, adult participant 
A10 in bottom) and intensity (60, 45, and 30 dB nHL top to bottom). 
  255 
Table 69. ABR Wave V Mean Peak Latencies (in ms) and Standard Deviations as a Function of 
Group and Intensity at 500 Hz. 
 Neonate  Adult 
Intensity (dB nHL) Female Male Total  Female Male Total 
60 
M 
(SD) 
N 
 
4.82 
(.82) 
12 
 
4.72 
(.70) 
9 
 
4.78 
(.75) 
21 
  
2.92 
(.53) 
10 
 
2.96 
(.39) 
10 
 
2.94 
(.46) 
20 
45 
M 
(SD) 
N 
 
6.58 
(.99) 
12 
 
6.36 
(.91) 
9 
 
6.49 
(.94) 
21 
  
4.60 
(1.04) 
10 
 
5.13 
(1.07) 
10 
 
4.86 
(1.07) 
20 
30 
M 
(SD) 
N 
 
7.57 
(.88) 
12 
 
7.70 
(.98) 
8 
 
7.62 
(.90) 
20 
  
7.11 
(.86) 
10 
 
6.79 
(.84) 
10 
 
6.95 
(.84) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
  256 
 
 
Figure 99. Wave V mean peak latencies (in ms) as a function of group, frequency, and intensity. 
Error bars represent +/- one SD of the mean. Asterisks represent statistically significant 
differences between neonates and adults (p < .05).  
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Figure 100. Boxplots of latency as a function of group, frequency, and intensity using air-
conduction. The top, bottom, and line through the middle of the box denotes to the 75th 
percentile, 25th percentile, and 50th percentile (median) respectively. The whiskers extend from 
the 10th to 90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The 
circles in the boxes denote mean values. 
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Table 70. ABR Wave V Mean Peak Latencies (in ms) and Standard Deviations as a Function of 
Group and Intensity at 1000 Hz.  
 Neonate  Adult 
Intensity (dB nHL) Female Male Total  Female Male Total 
60 
M 
(SD) 
N 
 
6.12 
(.62) 
12 
 
6.20 
(.25) 
10 
 
6.16 
(.48) 
22 
 
 
4.85 
(.57) 
10 
 
4.99 
(.32) 
10 
 
4.92 
(.46) 
20 
45 
M 
(SD) 
N 
 
7.29 
(.77) 
11 
 
7.36 
(.59) 
9 
 
7.32 
(.67) 
20 
 
 
6.47 
(.89) 
10 
 
6.55 
(.77) 
10 
 
6.51 
(.81) 
20 
30 
M 
(SD) 
N 
 
8.36 
(.86) 
11 
 
8.56 
(.76) 
9 
 
8.45 
(.80) 
20 
 
 
7.65 
(.82) 
10 
 
7.77 
(.47) 
10 
 
7.71 
(.65) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Table 71. ABR Wave V Mean Peak Latencies (in ms) and Standard Deviations as a Function of 
Group and Intensity at 2000 Hz 
 Neonate  Adult 
Intensity (dB nHL) Female Male Total  Female Male Total 
60 
M 
(SD) 
N 
 
6.90 
(.52) 
9 
 
6.86 
(.43) 
13 
 
6.87 
(.46) 
22 
  
5.70 
(.36) 
10 
 
6.03 
(.28) 
10 
 
5.87 
(.36) 
20 
45 
M 
(SD) 
N 
 
7.61 
(.63) 
9 
 
7.53 
(.50) 
13 
 
7.56 
(.54) 
22 
  
6.75 
(.58) 
10 
 
6.98 
(.30) 
10 
 
6.87 
(.46) 
20 
30 
M 
(SD) 
N 
 
8.40 
(.50) 
9 
 
8.38 
(.43) 
13 
 
8.39 
(.45) 
22 
  
7.65 
(.50) 
10 
 
7.88 
(.32) 
10 
 
7.76 
(.42) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Table 72. ABR Wave V Mean Peak Latencies (in ms) and Standard Deviations as a Function of 
Group and Intensity at 4000 Hz. 
 Neonate  Adult 
Intensity (dB nHL) Female Male Total  Female Male Total 
60 
M 
(SD) 
N 
 
6.78 
(.42) 
7 
 
6.93 
(.51) 
13 
 
6.88 
(.47) 
20 
  
6.15 
(.22) 
10 
 
6.48 
(.24) 
10 
 
6.31 
(.28) 
20 
45 
M 
(SD) 
N 
 
7.43 
(.26) 
7 
 
7.59 
(.51) 
13 
 
7.54 
(.44) 
20 
  
6.96 
(.46) 
10 
 
7.21 
(.27) 
10 
 
7.09 
(.38) 
20 
30 
M 
(SD) 
N 
 
8.19 
(.30) 
7 
 
8.40 
(.51) 
13 
 
8.33 
(.45) 
20 
  
7.82 
(.54) 
10 
 
8.04 
(.36) 
10 
 
7.93 
(.46) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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intensity, group, and latency. No outliers or highly skewed data were seen in the boxplots were 
seen (see Figure 100). 
Separate three-factor ANOVAs were used to examine latency differences as a function of 
intensity, group, and gender for four octave bands (i.e., 500, 1000, 2000, and 4000 Hz). The 
ANOVA summaries are shown in Table 73 through Table 76. Greenhouse-Geisser values are 
reported when Mauchly’s Test showed that the sphericity condition was not satisfied. For all four 
frequencies, the main effect of intensity (p < .0001) and group (p < .001) were statistically 
significant. Furthermore, the two-way interaction of intensity and group was statistically 
significant at 500, 1000, and 2000 Hz (p < .05). Separate paired samples t-tests were used to 
analyze this interaction at each of those frequencies, as shown in through Table 79. Results 
showed that adult wave V latencies were significantly shorter than infants’ for all three 
intensities at 500, 1000, and 2000 Hz. The main effect of gender was not found to be statistically 
significant (p < .05). Additionally, no other two- or three-way interactions were statistically 
significant.  
Wave V Amplitude 
Means and standard deviations for wave V amplitudes as a function of intensity, group, 
and gender for each of the four frequencies (500, 1000, 2000, and 4000 Hz) are presented in 
Table 80 through Table 83. Figure 101 depicts the relationships between frequency, intensity, 
group, and amplitude. No outliers or highly skewed data were seen in the boxplots were seen 
(see Figure 102). 
Separate three-factor ANOVAs were used to examine amplitude differences as a function 
of intensity, group, and gender for four octave bands (i.e., 500, 1000, 2000, and 4000 Hz). The 
ANOVA summaries are shown in Table 84, Table 86, Table 87, and Table 88. Greenhouse-   
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Table 73. Summary of Three-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Latency (in ms) as a Function of Group (i.e., Neonates and Adults), 
Gender (i.e., Female and Male) and Intensity (i.e., 60, 45, and 30 dB nHL) for 500 Hz CE-Chirp 
Octave Bands. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Intensity 231.04 1.55 149.20 339.32 <.0001**a .90 
Group 56.79 1 56.79 36.47 <.0001** .50 
Gender .02 1 .02 .01 .91 .000 
Intensity x Group 7.52 1.55 4.85 11.04 <.0001*a .24 
Intensity x Gender .46 1.55 .30 .67 .48a .02 
Group x Gender .09 1 .09 .06 .81 .002 
Intensity x Group x Gender 1.56 1.55 1.01 2.29 .12a .06 
Note. N = 20 for neonates, N = 20 for adults for ANOVA; * statistically significant at p < .05; ** 
lower bound statistically significant at p < .05; a Greenhouse-Geisser value. 
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Table 74. Summary of Three-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Latency (in ms) as a Function of Group (i.e., Neonates and Adults), 
Gender (i.e., Female and Male) and Intensity (i.e., 60, 45, and 30 dB nHL) for 1000 Hz CE-
Chirp Octave Bands. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Intensity 130.37 2 65.19 477.44 <.0001** .93 
Group 27.38 1 27.38 26.28 <.0001** .43 
Gender .18 1 .18 .17 .68 .01 
Intensity x Group 1.16 2 .58 4.24 .02* .11 
Intensity x Gender .01 2 .002 .02 .98 .001 
Group x Gender .03 1 .03 .03 .87 .001 
Intensity x Group x Gender .01 2 .004 .03 .97 .001 
Note. N = 19 for neonates, N = 20 for adults for ANOVA; * statistically significant at p < .05; ** 
lower bound statistically significant at p < .05. 
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Table 75. Summary of Three-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Latency (in ms) as a Function of Group (i.e., Neonates and Adults), 
Gender (i.e., Female and Male) and Intensity (i.e., 60, 45, and 30 dB nHL) for 2000 Hz CE-
Chirp Octave Bands. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Intensity 59.75 2 29.88 884.33 <.0001** .96 
Group 18.82 1 18.82 33.90 <.0001** .47 
Gender .36 1 .36 .66 .42 .02 
Intensity x Group .86 2 .43 12.74 <.0001** .25 
Intensity x Gender .02 2 .01 .32 .72 .01 
Group x Gender .72 1 .72 1.30 .26 .03 
Intensity x Group x Gender .02 2 .01 .29 .75 .01 
Note. N = 22 for neonates, N = 20 for adults for ANOVA; * statistically significant at p < .05; ** 
lower bound statistically significant at p < .05. 
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Table 76. Summary of Three-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Latency (in ms) as a Function of Group (i.e., Neonates and Adults), 
Gender (i.e., Female and Male) and Intensity (i.e., 60, 45, and 30 dB nHL) for 4000 Hz CE-
Chirp Octave Bands. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Intensity 44.60 1.62 27.46 619.68 <.0001**a .95 
Group 5.66 1 5.66 12.74 .001** .26 
Gender 1.38 1 1.38 3.11 .09 .08 
Intensity x Group .16 1.62 .10 2.20 .13a .06 
Intensity x Gender .02 1.62 .004 .08 .88a .002 
Group x Gender .06 1 .06 .14 .71 .004 
Intensity x Group x Gender .03 1.62 .02 .43 .61a .01 
Note. N = 20 for neonates, N = 20 for adults for ANOVA; * statistically significant at p < .05; ** 
lower bound statistically significant at p < .05; a Greenhouse-Geisser value. 
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Table 77. Summary of Independent-Samples t-tests Examining the Interaction of Intensity and 
Group on Wave V Mean Peak Latency (in ms) to 500 Hz CE-Chirp Octave Bands. 
 t-test for Equality of Means 
      95% CI of the 
Difference 
Pair t df p Mean 
Difference 
Std. Error 
Difference 
Lower Upper 
Neonates vs. Adults at 60 dB nHL 
 9.22 38 <.0001* 1.85 .20 1.44 2.25 
Neonates vs. Adults at 45 dB nHL 
 5.20 38 <.0001* 1.66 .32 1.02 2.31 
Neonates vs. Adults at 30 dB nHL 
 2.44 38 .02* .67 .27 .11 1.23 
Note. N = 20 for neonates, N = 20 for adults; * statistically significant at p < .05 
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Table 78. Summary of Independent-Samples t-tests Examining the Interaction of Intensity and 
Group on Wave V Mean Peak Latency (in ms) to 1000 Hz CE-Chirp Octave Bands. 
 t-test for Equality of Means 
      95% CI of the 
Difference 
Pair t df p Mean 
Difference 
Std. Error 
Difference 
Lower Upper 
Neonates vs. Adults at 60 dB nHL 
 8.19 37 <.0001* 1.25 .15 .94 1.56 
Neonates vs. Adults at 45 dB nHL 
 3.39 37 .002* .82 .24 .33 1.31 
Neonates vs. Adults at 30 dB nHL 
 3.86 37 <.0001* .84 .22 .40 1.27 
Note. N = 19 for neonates, N = 20 for adults; * statistically significant at p < .05 
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Table 79. Summary of Independent-Samples t-tests Examining the Interaction of Intensity and 
Group on Wave V Mean Peak Latency (in ms) to 2000 Hz CE-Chirp Octave Bands. 
 t-test for Equality of Means 
      95% CI of the 
Difference 
Pair t df p Mean 
Difference 
Std. Error 
Difference 
Lower Upper 
Neonates vs. Adults at 60 dB nHL 
 7.91 40 <.0001* 1.01 .13 .75 1.27 
Neonates vs. Adults at 45 dB nHL 
 4.43 40 <.0001* .69 .16 .38 1.01 
Neonates vs. Adults at 30 dB nHL 
 4.63 40 <.0001* .63 .14 .35 .90 
Note. N = 22 for neonates, N = 20 for adults; * statistically significant at p < .05 
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Table 80. ABR Wave V Mean Peak Amplitudes (in µV) and Standard Deviations as a Function of 
Group and Intensity at 500 Hz. 
 Neonate  Adult 
Intensity (dB nHL) Female Male Total  Female Male Total 
60 
M 
(SD) 
N 
 
.31 
(.12) 
12 
 
.34 
(.09) 
9 
 
.32 
(.10) 
21 
  
.64 
(.17) 
10 
 
.66 
(.19) 
10 
 
.65 
(.18) 
20 
45 
M 
(SD) 
N 
 
.22 
(.11) 
12 
 
.24 
(.07) 
9 
 
.23 
(.09) 
21 
  
.45 
(.17) 
10 
 
.44 
(.18) 
10 
 
.45 
(.17) 
20 
30 
M 
(SD) 
N 
 
.17 
(.09) 
12 
 
.20 
(.10) 
8 
 
.18 
(.09) 
20 
  
.35 
(.08) 
10 
 
.34 
(.09) 
10 
 
.34 
(.09) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Table 81. ABR Wave V Mean Peak Amplitudes (in µV) and Standard Deviations as a Function of 
Group and Intensity at 1000 Hz. 
 Neonate  Adult 
Intensity (dB nHL) Female Male Total  Female Male Total 
60 
M 
(SD) 
N 
 
.38 
(.09) 
12 
 
.37 
(.10) 
10 
 
.38 
(.09) 
22 
  
.64 
(.18) 
10 
 
.63 
(.19) 
10 
 
.64 
(.18) 
20 
45 
M 
(SD) 
N 
 
.26 
(.10) 
11 
 
.28 
(.08) 
9 
 
.27 
(.09) 
20 
  
.43 
(.16) 
10 
 
.49 
(.19) 
10 
 
.46 
(.17) 
20 
30 
M 
(SD) 
N 
 
.21 
(.07) 
11 
 
.17 
(.05) 
9 
 
.19 
(.06) 
20 
  
.38 
(.14) 
10 
 
.41 
(.11) 
10 
 
.40 
(.13) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Table 82. ABR Wave V Mean Peak Amplitudes (in µV) and Standard Deviations as a Function of 
Group and Intensity at 2000 Hz. 
 Neonate  Adult 
Intensity (dB nHL) Female Male Total  Female Male Total 
60 
M 
(SD) 
N 
 
.43 
(.09) 
9 
 
.46 
(.09) 
13 
 
.45 
(.09) 
22 
  
.65 
(.13) 
10 
 
.66 
(.20) 
10 
 
.65 
(.17) 
20 
45 
M 
(SD) 
N 
 
.31 
(.08) 
9 
 
.36 
(.09) 
13 
 
.34 
(.09) 
22 
  
.55 
(.12) 
10 
 
.49 
(.12) 
10 
 
.52 
(.12) 
20 
30 
M 
(SD) 
N 
 
.26 
(.05) 
9 
 
.27 
(.08) 
13 
 
.27 
(.07) 
22 
  
.39 
(.09) 
10 
 
.41 
(.11) 
10 
 
.40 
(.10) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
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Table 83. ABR Wave V Mean Peak Amplitudes (in µV) and Standard Deviations as a Function of 
Group and Intensity at 4000 Hz. 
 Neonate  Adult 
Intensity (dB nHL) Female Male Total  Female Male Total 
60 
M 
(SD) 
N 
 
.37 
(.08) 
7 
 
.35 
(.06) 
13 
 
.36 
(.07) 
20 
  
.57 
(.11) 
10 
 
.55 
(.16) 
10 
 
.56 
(.13) 
20 
45 
M 
(SD) 
N 
 
.28 
(.02) 
7 
 
.28 
(.06) 
13 
 
.28 
(.05) 
20 
  
.43 
(.11) 
10 
 
.44 
(.10) 
10 
 
.44 
(.10) 
20 
30 
M 
(SD) 
N 
 
.23 
(.03) 
7 
 
.24 
(.06) 
13 
 
.24 
(.05) 
20 
  
.37 
(.12) 
10 
 
.37 
(.09) 
10 
 
.37 
(.10) 
20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = sample 
size. 
  273 
 
 
Figure 101. Wave V mean peak amplitudes (in µV) as a function of group, frequency, and 
intensity. Error bars represent plus one SD of the mean. Asterisks represent statistically 
significant differences between neonates and adults (p < .05). 
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Figure 102. Boxplots of amplitude as a function of group, frequency, and intensity using air-
conduction. The top, bottom, and line through the middle of the box denotes to the 75th 
percentile, 25th percentile, and 50th percentile (median) respectively. The whiskers extend from 
the 10th to 90th percentile. Outliers beyond the 10th and 90th percentiles are not plotted. The 
circles in the boxes denote mean values. 
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Table 84. Summary of Three-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Amplitude (in µV) as a Function of Group (i.e., Neonates and 
Adults), Gender (i.e., Female and Male) and Intensity (i.e., 60, 45, and 30 dB nHL) for 500 Hz 
CE-Chirp Octave Bands. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Intensity 1.01 2 .51 61.65 <.0001** .63 
Group 1.61 1 1.61 47.32 <.0001** .57 
Gender .003 1 .003 .09 .77 .002 
Intensity x Group .13 2 .06 7.85 .001** .18 
Intensity x Gender .003 2 .002 .2 .82 .01 
Group x Gender .004 1 .004 .12 .73 .003 
Intensity x Group x Gender .001 2 .001 .07 .94 .002 
Note. N = 20 for neonates, N = 20 for adults; * statistically significant at p < .05; ** lower bound 
statistically significant at p < .05; a Greenhouse-Geisser value. 
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Table 85. Summary of Independent-Samples t-tests Examining the Interaction of Intensity and 
Group on Wave V Mean Peak Amplitude (in µV) to 500 Hz CE-Chirp Octave Bands. 
 t-test for Equality of Means 
      95% CI of the 
Difference 
Pair t df p Mean 
Difference 
Std. Error 
Difference 
Lower Upper 
Neonates vs. Adults at 60 dB nHL 
 -6.97 31.33 <.0001* -.32 .05 -.42 -.23 
Neonates vs. Adults at 45 dB nHL 
 -5.22 28.54 <.0001* -.23 .04 -.32 -.14 
Neonates vs. Adults at 30 dB nHL 
 -5.69 38 <.0001* -.16 .03 -.22 -.10 
Note. N = 20 for neonates, N = 20 for adults; * statistically significant at p < .05 
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Table 86. Summary of Three-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Amplitude (in µV) as a Function of Group (i.e., Neonates and 
Adults), Gender (i.e., Female and Male) and Intensity (i.e., 60, 45, and 30 dB nHL) for 1000 Hz 
CE-Chirp Octave Bands. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Intensity .91 2 .45 48.69 <.0001** .58 
Group 1.40 1 1.40 40.66 <.0001** .54 
Gender .001 1 .001 .03 .87 .001 
Intensity x Group .03 2 .01 1.54 .22 .04 
Intensity x Gender .02 2 .01 1.05 .36 .03 
Group x Gender .01 1 .01 .32 .57 .01 
Intensity x Group x Gender .004 2 .002 .21 .82 .01 
Note. N = 19 for neonates, N = 20 for adults; * statistically significant at p < .05; ** lower bound 
statistically significant at p < .05. 
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Table 87. Summary of Three-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Amplitude (in µV) as a Function of Group (i.e., Neonates and 
Adults), Gender (i.e., Female and Male) and Intensity (i.e., 60, 45, and 30 dB nHL) for 2000 Hz 
CE-Chirp Octave Bands. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Intensity .96 1.49 .65 91.44 <.0001**a .71 
Group .96 1 .96 37.18 <.0001** .50 
Gender .003 1 .003 .10 .75 .003 
Intensity x Group .03 1.49 .02 3.01 .07a .07 
Intensity x Gender .002 1.49 .001 .17 .78a .004 
Group x Gender .02 1 .02 .63 .43 .02 
Intensity x Group x Gender .02 1.49 .01 1.70 .20a .04 
Note. N = 22 for neonates, N = 20 for adults; * statistically significant at p < .05; ** lower bound 
statistically significant at p < .05; a Greenhouse-Geisser value. 
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Table 88. Summary of Three-Factor Repeated Measures ANOVA Comparing Differences 
Between Wave V Mean Peak Amplitude (in µV) as a Function of Group (i.e., Neonates and 
Adults), Gender (i.e., Female and Male) and Intensity (i.e., 60, 45, and 30 dB nHL) for 4000 Hz 
CE-Chirp Octave Bands. 
Source Sum of 
Squares 
df Mean Square F p η!!    
Intensity .49 1.71 .29 62.21 <.0001**a .63 
Group .78 1 .78 45.94 <.0001** .56 
Gender .000 1 .000 .03 .87 .001 
Intensity x Group .02 1.71 .01 2.88 .07a .07 
Intensity x Gender .004 1.71 .002 .47 .60a .01 
Group x Gender .000 1 .000 .001 .98 .000 
Intensity x Group x Gender .001 1.71 .001 .15 .83a .004 
Note. N = 20 for neonates, N = 20 for adults; * statistically significant at p < .05; ** lower bound 
statistically significant at p < .05; a Greenhouse-Geisser value. 
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Geisser values are reported when Mauchly’s Test showed that the sphericity condition was not 
satisfied. There were statistically significant main effects of intensity (p < .0001) and group (p < 
.001) at all four frequencies. The interaction of intensity and group was statistically significant at 
500 Hz (see Table 85). Adult wave V amplitudes were found to be significantly larger than 
infants’ for every condition. In regard to amplitude, the main effect of gender was not 
statistically significant (p < .05), and there were no statistically significant interactions between 
intensity, group, and gender. 
Discussion 
The aim of the third experiment was to compare the peak latencies and amplitudes for 
Waves I, III, and V in newborns and adults using chirp stimuli and octave band stimuli as a 
function of intensity, rate, polarity, and frequency. It was hypothesized that chirp-evoked ABRs 
would be larger in adults than infants for all conditions. Based on prior research (Stuart et al., 
1993) it was also hypothesized that latency differences between groups would exist with bone 
conduction but not with air conduction. Because research has generally shown a gender effect for 
click-evoked ABRs in adults (Jerger & Hall, 1980; Stuart & Yang, 2001; Stockard et al., 1978), 
gender was included in the analysis for Experiment 3. For both newborns and adults, wave V 
latencies for female participants were approximately 0.1-0.3 ms earlier than males’ for all 
conditions, which is in agreement with previous reports (Jerger & Hall, 1980; López-Escámez et 
al., 1999; Sininger et al., 1998; Stuart & Yang, 2001; Stockard et al., 1978). These gender 
differences were not found to be statistically significant (p > .05), however. No consistent gender 
differences were seen for amplitude in any condition. 
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Effects of Intensity 
This is believed to be the first study to examine ABRs to chirp stimuli using bone-
conduction in infants or adults. For the click and the CE-Chirp, mean wave V amplitudes 
decreased as intensity decreased for both groups to air- and bone-conducted stimuli, which is an 
expected outcome. As hypothesized, wave V amplitudes to chirp stimuli were significantly larger 
(p < .05) for adults than infants at all intensities, except at 15 dB nHL to bone-conducted stimuli  
The mean CE-Chirp amplitudes found in this study are approximately 0.1-0.2 µV larger 
than those found by Cebulla et al. (2014a) and Mühler et al. (2013) in infants and by Elberling et 
al. (2012b) and Kristensen and Elberling (2012) in adults, despite this study’s using a faster rate 
(57.7/s) than other studies (ranging from 20.3/s up to 38/s). The amplitude values reported by 
Petoe et al. (2010a,b) appear more similar to the findings of this study. The large standard 
deviations reported in all studies, however, is likely to account for some of the amplitude 
differences between studies. Additionally, the current study used a stricter artifact rejection level 
of 25 µV versus 40 µV and a lower high-pass cutoff frequency of 30 Hz, as opposed to 100 Hz, 
used in other studies (Cebulla et al., 2014a; Elberling et al., 2012b; Kristensen & Elberling, 
2012; and Mühler et al., 2013). These differences in recording parameters may have also 
contributed to slight amplitude differences between the studies, especially at lower intensities.  
As expected, chirp wave V latencies increased as intensity decreased for both groups to 
air- and bone-conducted CE-Chirps. As mentioned in Experiment 1, the mean wave V latencies 
reported in this study appear to be in agreement with those reported by Cebulla et al. (2014), 
given that the their study employed a slower rate of 20.3/s at 60 dB nHL. The adult latency 
values appear to be slightly longer than those reported by Elberling et al. (2012b) and Kristensen 
and Elberling (2012) but appear to be in good agreement with those reported by Petoe et al. 
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(2010b). Again, large standard deviations and variances in recording parameters may account for 
these differences.  
For air conduction, there was a statistically significant group by intensity interaction, in 
that adults had significantly (p < .05) earlier mean wave V latencies than neonates at all 
intensities, but the mean difference decreased slightly as intensity decreased. For bone 
conduction, however, mean latencies were only significantly (p < .05) different between groups 
at 45 dB nHL. In this instance, adults exhibited longer latencies than infants. One postulation for 
this effect of transducer is the frequent presence of vernix, debris, and/or fluid in the external 
auditory canal and/or middle ear space following birth. It is possible that such debris attenuated 
the air-conducted signal, resulting in increased latencies in infants as compared to bone-
conduction. Lasky, Rupert, and Waller (1987) explained that latencies in newborns could be 
affected by fluid and debris up to two days after birth. The infants in the current study ranged in 
age from 16-94 hours; thus, the findings reported here could be impacted by the infants’ age. 
Additionally, it has been postulated that the neonate skull provides more efficient signal 
transmission due to less rigid coupling of their skull bones, which may prevent the signal from 
spreading to other areas near the cochlea. Furthermore, Yang and Stuart (1990) showed that bone 
vibrator coupling force and placement could drastically affect ABR latencies and amplitudes. 
These researchers found that a superior-posterior placement on the temporal bone with a 
coupling force of 425 ± 25 g is the most efficient coupling scenario. The obvious age-related 
group differences found in this portion of Experiment 3 emphasize the need for age-based 
normative data to chirp stimuli.  
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Effects of Rate 
This study used four stimulus rates (i.e., 8.7, 27.7, 57.7, 77.7/s) to examine the effects of 
stimulus on wave V amplitude and latency in infants versus adults. In agreement with the 
hypothesis, mean wave V amplitude was significantly larger for adults than neonates at all four 
rates (p < .05). As discussed previously, this is a well-established trend in auditory 
electrophysiology. As can be seen in Figure 87, wave V amplitude in adults did not demonstrate 
the traditional decrease in response to increasing rate with the CE-Chirp stimulus. Neonates did 
exhibit a decrease in wave V amplitude with increased rate, which has also been shown by 
Cebulla and Stürzebecher (2013). The amplitude effect seen in neonates is likely due to the 
incomplete maturation of the auditory pathway (Ponton, Moore, & Eggermont, 1996). Based on 
literature review, no other studies that have investigated rate effects of chirp stimuli in adults, so 
it is unclear whether this is a consistent trend. One postulation for this finding that the temporal 
structure of the CE-Chirp (i.e., low frequencies presented before high frequencies) allows for 
more recovery period between stimulus presentations, as opposed to a click stimulus which 
presents all frequencies simultaneously. If this were the case, then even at high CE-Chirp 
stimulus rates, neural synchrony could be maintained in conjunction with the temporal 
summation that occurs with increasing rate to preserve the amplitude of the ABR in adults. 
Adult mean latencies were significantly earlier (p < .05) than infants’ for all four rates 
used. Historically, researchers have found that latency changes with rate manipulations with the 
traditional click are more dramatic for infants than adults, with greater changes in wave V 
latency as rate increases (Hall, 2007; Jiang et al., 2009). This trend appears to be less pronounced 
with the CE-Chirp, as can be seen in Figure 86, where the slopes of infants versus adults are very 
similar. A possible explanation for this finding is that the response obtained from the CE-Chirp 
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consists of more low frequency contributions than the response from click. Because the infant 
cochlea matures from apex to base, these contributions from the low frequency regions, which 
have greater synaptic efficiency, may diminish the rate effects typically seen in neonates with the 
click stimulus. The findings suggest the CE-Chirp can be a useful stimulus for neurodiagnostic 
testing using both slow and fast rates and for testing using a moderate rate, such as threshold 
measures for both infants and adults.  
Effects of Polarity 
This is the first study investigating the effects of polarity on ABRs to CE-Chirp stimuli. 
The first analysis performed was the presence of waves I, III, and V to alternating, condensation, 
and rarefaction polarities. Wave V was present in 100% of participants for all three polarities. 
Waves I and III were absent in all participants for the alternating polarity. In general, wave III 
was present more often than wave I for condensation and rarefaction polarities.  
Other researchers have reported the decreased presence of earlier waveform components 
seen here with the CE-Chirp, as well. Petoe et al. (2010a) reported reduced presence of waves I 
and III when they compared chirp stimuli to click stimuli at 40 dB HL with alternating polarity. 
Kristensen and Elberling (2012) also found that the presence of waves I and III was poorer with 
the CE-Chirp at 60 and 80 dB nHL with alternating polarity. Elberling, Kristensen, and Don 
(2012) compared the ER-2 earphone to the ER-3A earphone, and demonstrated that the 3A 
produced a smaller percentage of waves I and III with the CE-Chirp. The percentages they 
reported appear to be similar to those seen with adults in the current study, which utilized the 
ER-3A earphone. Elberling et al. attributed the earphone differences to the flatter, smoother 
response curve of the ER-2A earphone. 
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It has also been suggested that this reduced morphology of early waveform components 
with the CE-Chirp is related to the long duration of the stimulus (Kristensen & Elberling, 2012; 
Petoe et al., 2010a). At high intensities, the upward spread of excitation causes excitation of 
many frequencies at different times. This, in turn, may cause desynchronization of the neural 
firing, which affects the morphology of the ABR (Elberling et al., 2010). 
Based on literature review, there are currently no other studies reporting data for wave I 
and III latency and amplitude to the CE-Chirp in adults. For neonates, though, mean wave I, III, 
and V amplitudes are slightly larger and latencies slightly shorter for this study compared to 
Cebulla et al. (2014). Both studies found that wave V was the largest peak, followed by wave I, 
and wave III was the smallest peak. It should be noted that ABRs were acquired at a rate of 8.7/s 
in the present study compared to 20.3/s in the previous study. Furthermore, both studies 
demonstrated large standard deviations for amplitude and latency.  
Five of the adult studies (Elberling et al., 2012a; Ferm et al., 2013; Kristensen & 
Elberling, 2012; and Petoe et al., 2010a,b) found in the literature review reported the polarity 
used in their studies – all four studies used alternating polarity. Due to the lack of research with 
condensation and rarefaction chirps, the current study examined the effects of polarity on infant 
versus adults using both a slow (8.7/s) and fast (77.7/s) rate. No effect of polarity on latency was 
seen for either group at either rate. As expected, adults had longer latencies than infants in all 
conditions, and the fast rate had longer latencies in both groups. In regards to amplitude, neither 
polarity nor rate was a statistically significant factor (p > .05). In support of the hypothesis, 
adults exhibited larger wave V amplitudes for all conditions.  
The large age-related differences in wave V latency and amplitude discussed here are 
again strong evidence for the importance of age-based normative data when using the relatively 
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new CE-Chirp. By manipulating the polarity of the CE-Chirp for two age groups, it can be 
concluded that similar ABRs can be obtained with condensation or rarefaction polarity in both 
infants and adults. Again, clinicians must keep in mind that earlier waveform components may 
be reduced or diminished when using the CE-Chirp, especially with alternating polarity. 
Therefore, clinicians may find it helpful to supplement their CE-Chirp testing with a couple of 
runs with a click in order to verify the ABR morphology. 
Effects of Frequency 
Experiment 3 also compared four CE-Chirp octave bands (500, 1000, 2000, and 4000 Hz 
for neonates versus adults. Mean wave V latency increased as intensity decreased for both 
groups, which is an established trend in auditory electrophysiology.  For all conditions examined, 
neonates showed significantly (p < .05) longer latencies than adults, which is consistent with the 
hypothesis for Experiment 4. As was discussed in Experiment 1, mean wave V latency for the 
octave bands increased as stimulus frequency increased for both adults and neonates. This is 
opposite to the trend seen with traditional tone bursts. Again, the cause of these latency 
differences is the delay of high frequencies with chirp stimuli, which is approximately 1.5 ms 
between each of the four frequencies used in this study (i.e., 500, 1000, 2000, and 4000 Hz). This 
means that the 4000 Hz stimulus is presented 1.5 ms prior to onset of signal averaging, 2000 Hz 
is presented at 3 ms re: signal averaging, 1000 Hz is presented at 4.5 ms re: signal averaging, and 
500 Hz is presented at 6 ms re: signal averaging. The amplitude findings in this portion of the 
Experiment 4 also support the hypothesis: Adult amplitudes were significantly larger than 
neonates’ at all conditions (p < .05).  
The results of the fourth experiment again emphasize the importance of age-related 
normative data for ABR testing. Tonal stimuli are often used to approximate hearing sensitivity 
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in participants who cannot provide behavioral thresholds, such as infants and other participants 
with physical and/or developmental limitations. Because newborns and adults exhibit drastically 
different ABR latencies and amplitudes, it is imperative to interpret ABR results using age-based 
normative data to appropriately estimate auditory thresholds. 
 
  
CHAPTER V: EXPERIMENT 4 – AUDITORY BRAINSTEM RESPONSE THRESHOLDS TO 
CHIRP STIMULI IN NEWBORNS AND YOUNG ADULTS 
One of the most clinically useful applications of ABR testing is estimation of hearing 
sensitivity using ABR thresholds. Researchers have shown that both age and transducer 
influence ABR thresholds when using traditional click stimuli, as was discussed in Chapter I. 
Stuart et al. (1993) showed that neonates and adults had similar thresholds to air-conducted click 
stimuli. Newborns exhibited lower ABR thresholds than adults to bone-conducted clicks (Yang 
et al., 1987). It has been suggested that these age- and transducer-related differences are related 
to cranial bone anatomy. Adults have fused cranial bones that allow the bone-conducted signal to 
spread among the bones and attenuate the stimulus. Neonates, on the other hand, possess 
membranous gaps called fontanels in their skull bones. The fontanels are thought to enhance 
transmission of the bone-conducted signal to the cochlea in the temporal bone by minimizing 
signal propagation to the other skull bones (Yang et al., 1987; Stuart et al., 1990). This signal 
attenuation results in high ABR thresholds to bone-conducted stimuli in adults compared to 
neonates.  
In regard to determining ABR thresholds with chirp stimuli, Stangl et al. (2013) and 
Maloff and Hood (2014) concluded that thresholds obtained using the CE-Chirp stimuli 
approximate behavioral thresholds more closely than the click for both normal-hearing and 
hearing-impaired adults. There is currently no research available that examines ABR thresholds 
to CE-Chirp stimuli in neonates. Because threshold testing is especially important in the neonatal 
population, the aim of Experiment 4 was to determine ABR thresholds to air- and bone-
conducted CE-Chirp stimuli in newborns and adults.  
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Methods 
Participants 
The East Carolina University and Medical Center Institutional Review Board approved 
this research study prior to data collection or participant recruitment (see Appendix B). Neonate 
participants were 32 healthy neonates recruited from Vidant Medical Center, Greenville, NC, 
who were identified from the daily birth log provided by the Vidant Medical Center Audiology 
and Hearing Aid Center. Parent(s) of eligible neonates were identified and solicited for 
participation in their private rooms in the Vidant Medical Center by a member of the research 
team and were provided informed consent before testing began (see Appendix C). Twenty 
newborns were tested with air conduction, and 21 newborns were tested with bone conduction (9 
of the 32 infants were tested with both air and bone conduction). The participants ranged in age 
from 16 to 95 hours (M = 45.9 hours, SD = 20.9; 24 females and 17 males). One ear was tested 
on each infant – with right and left ears counterbalanced – for a total of 32 ears. The neonates 
were between 37-42 weeks gestational age (M = 39.2 weeks, SD = 1.0), with APGAR scores 
greater than or equal to 7 at 1 and 5 minutes, birth weight greater than or equal to 2500 g, 
physically and neurologically normal, with no risk of hearing loss, who have passed a newborn 
hearing screening. 
Adult participants were the same as described above in Experiment 3. They were 20 
student, faculty, and/or volunteers solicited by word of mouth at East Carolina University. 
Participants were recruited on a volunteer basis and provided informed consent before testing 
began (see Appendix E). Adult participants were normal-hearing young adults. The participants 
ranged in age from 20 to 31 years (M = 25.7 years, SD = 3.1; 10 females and 10 males). 
Exclusion criteria for adults included any positive history of hearing loss, neurological, 
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otological disorders, and/or communication impairments and if English is not their first 
language. 
Apparatus and Stimulus 
Each participant was tested using the GSI Audera Evoked Potential System with V2.7 
software. Neonatal recording was performed in quiet rooms at Vidant Medical Center, 
Greenville, NC. Background noise was measured using a sound level meter (Brüel & Kjær 2250) 
and field microphone (Brüel & Kjær 4192). Typical noise levels ranged from 20-35 dBA. Adult 
recording was performed in a sound-treated booth in the Electrophysiology Laboratory in the 
Department of Communication Sciences and Disorders at East Carolina University, Greenville, 
NC. 
Stimuli were air- and bone-conducted CE-Chirps. Stimuli were delivered through an 
insert earphone (GSI TIP-50) coupled to a 3.5 or 4 mm infant insert eartip for neonates, ER3-A 
insert earphone for adults, or a bone vibrator (Radioear B-71). Stimulus calibration was 
performed as described above in Chapter II.  
Procedure 
ABRs to monaural stimuli were acquired with neonates in natural sleep. ABRs were 
recorded using air- and bone-conducted CE-Chirp stimuli. Stimuli were delivered through a GSI 
model TIP-50 transducer coupled to an infant insert eartip and a Radioear B-71 bone vibrator. 
The bone vibrator was placed in a supero-posterior auricular position during stimulus delivery. 
An elastic band with Velcro was used to hold the bone vibrator with a coupling force of 425 ± 25 
g. 
Prior to ABR testing, adult participants received a standard audiometric hearing 
evaluation including otoscopy, tympanometry, and audiometry (i.e., pure tone testing). Otoscopy 
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is a visual examination of the ear canal and eardrum using an otoscope (i.e., a hand-held light). 
Tympanometry is an assessment of middle ear function. It consists of placing a soft rubber ear 
tip in the ear canal and changing the air pressure to see how the eardrum moves. Audiometry 
requires participants to listen to soft sounds and indicate that they heard by either raising their 
hand or pushing a button. This series of tests establishes that participants have normal hearing 
and middle ear function. 
ABRs to monaural stimuli were acquired with adult participants resting or in natural 
sleep. ABRs were recorded using air- and bone-conducted CE-Chirp stimuli. Stimuli were 
delivered through a GSI model TIP-50 transducer coupled to an insert earphone and a Radioear 
B-71 bone vibrator. The bone vibrator was placed on the ipsilateral mastoid with a traditional 
metal headband during stimulus delivery. Bone vibrator coupling force was measured using a 
spring scale. The coupling force for adult participants ranged from 410 to 500 g. 
An ipsilateral recording montage was used. Interelectrode impedances were maintained 
below 5000 Ω. The recorded EEG was amplified 105 and bandpass filtered (30 to 3000 Hz). EEG 
samples exceeding ± 25 µV were rejected automatically. An analysis time of 13 ms post-
stimulus was sampled at 25,000 Hz. A total of 2030 samples were averaged and replicated at a 
rate of 57.7/s.  
Thresholds to air- and bone-conducted chirp stimuli were determined at a rate of 57.7/s. 
With a starting intensity of 30 dB nHL, the intensity was decreased by 10 dB nHL until no 
response was obtained and then increased by 5 dB nHL until a repeatable response was obtained. 
The presence of an ABR wave V was determined independently by a second researcher, 
who has more than 25 years experience recording ABRs. The researcher was blinded to stimulus 
conditions. Wave V was identified as the first replicable positive peak after 5 ms in adults and 
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after 7 ms in neonates. Replication was defined as two waveforms with identifiable wave V 
peaks within 0.15 ms. If the wave V component was trough-like, round, or bimodal, the last 
point before rapid negative reflection was identified as the peak. Wave V amplitude was 
measured from the wave V peak to the most negative following trough within 3 ms before 
positive deflection.  
Upon completion of data collection, the IRB was officially closed (see Appendix G). 
Results 
Representative waveforms for ABRs to CE-Chirp as a function of group and frequency 
are shown in Figures 103 and 103. Table 89 and Figure 105 display means and standard 
deviations for neonate and adult ABR thresholds. No outliers or highly skewed data were seen in 
the boxplots were seen (see Figure 106). Independent samples t-tests were used to compare mean 
ABR thresholds between neonates and adults for both air- and bone-conduction (see Table 90). 
There was no statistically significant difference (p =.80) in ABR threshold between neonates and 
adults for air-conduction (cf. 9.5 and 10 dB nHL, respectively). A statistically significant 
difference (p < .001) was observed between ABR thresholds to bone-conduction for neonates 
versus adults. The newborn participants had significantly lower bone-conduction thresholds than 
adults (cf. 3.81 and 13.75 dB nHL, respectively). 
Discussion 
The aim of the fourth experiment was to compare ABR thresholds to air- and bone-
conducted chirp stimuli in neonates and adults. This is the first investigation of infant ABR 
thresholds using the chirp stimulus. As evident in Table 90, it was found that newborns and 
adults had statistically significant different thresholds to bone-conducted stimuli (3.81 versus  
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Figure 103. Representative ABR threshold waveforms with wave V labeled to AC CE-Chirps as 
a function of group (neonate participant N147 in top window, adult participant A10 in bottom). 
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Figure 104. Representative ABR threshold waveforms with wave V labeled to BC CE-Chirps as 
a function of group (neonate participant N147 in top window, adult participant A10 in bottom). 
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Table 89. Comparison of ABR Threshold (in dB nHL) between Neonates and Adults to Air- and 
Bone-Conducted Chirp Stimuli. 
 Group 
 Neonate Adult 
Air-Conduction   
M 10.00 9.50 
(SD) (7.07) (4.84) 
N 20 20 
Bone-Conduction   
M 3.81 13.75 
(SD) (6.31) (4.83) 
N 21 20 
Note. M = mean wave V peak latency; SD = one standard deviation of the mean; N = number of 
participants. 
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Figure 105. Mean ABR wave V threshold (in dB nHL) as a function of group and transducer. 
Error bars represent plus one SD of the mean. The asterisk represents a statistically significant 
difference between neonates and adults (p < .05). 
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Figure 106. Boxplots of ABR threshold as a function of transducer and group. The top, bottom, 
and line through the middle of the box denotes to the 75th percentile, 25th percentile, and 50th 
percentile (median) respectively. The whiskers extend from the 10th to 90th percentile. Outliers 
beyond the 10th and 90th percentiles are not plotted. The circles in the boxes denote mean 
values. 
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Table 90. Summary of Independent-Samples t-tests Comparing Mean ABR Thresholds (in dB 
nHL) to the CE-Chirp in Neonates and Adults. 
 t-test for Equality of Means 
      95% CI of the 
Difference 
Pair t df p 
 
Mean 
Difference 
Std. Error 
Difference 
Lower Upper 
Air Conduction .26 38 .80 .50 1.92 -3.38 4.38 
Bone Conduction -5.65 39 <.0001* -9.94 1.76 -13.50 -6.38 
Note. * statistically significant at p < .05 
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13.75 dB nHL for neonates and adults, respectively) but not to air-conducted stimuli (9.5 versus 
10 dB nHL, for neonates and adults, respectively). Neonates actually exhibited lower mean 
thresholds than adults for bone conduction. Stuart et al. (1993) reported this trend in ABR 
thresholds for click stimuli as well. One of their speculations for the difference in bone-
conducted thresholds between the two age groups was that the bone-vibrator coupling force was 
100-150 g less for their adult population than infants. However, Stuart et al. postulated that this 
effect was most likely minimal. Indeed, the current study verified the coupling force for both 
groups to be 410-500 g and produced similar results. It is believed that the difference in bone-
conducted thresholds between the two age groups is due to the enhanced transmission of the 
neonate skull bones. Adult skull bones are fused tightly, which allows an auditory signal 
delivered to the temporal bone to dissipate to the surrounding skull bones. Newborns’ skull 
bones are not fused, which leads researchers to suppose that the auditory signal is not as easily 
transferred to other skull bones. Thus, the neonatal cochlea receives a stronger vibratory signal 
than in adults (Stuart et al., 1993). Although neonates were collapsed into one group for 
Experiment 4, it should be noted that Stuart et al. (1994) reported differences for ABR thresholds 
as a function of post-partum age in newborns. Neonates 48-96 hours of age exhibited 
significantly lower (p < .001) ABR thresholds to air-conducted clicks than infants less than 48 
hours of age. No group difference was seen for ABR to bone-conducted stimuli, which again 
suggests that residual fluid and debris along the air-conduction pathway may impact ABR results 
for newborns less than two days old. The mean age for the infants included in Experiment 4 was 
46 hours. 
Maloff and Hood (2014) also examined ABR thresholds in normal-hearing and hearing-
impaired adults using a flat-spectrum “M” chirp. For their normal hearing participants, the mean 
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air-conducted ABR threshold using the chirp was 11.88 dB nHL. These findings are similar to 
the mean air-conduction threshold of 9.50 dB nHL seen in Experiment 4. It should be noted that 
Maloff and Hood determined ABR threshold using 10 dB steps, while the current study used 5 
dB steps, which may account for the slight differences in mean threshold obtained in the two 
studies. These initial investigations of ABR threshold with the CE-Chirp stimulus suggest great 
clinical utility for providing better estimates of hearing sensitivity. 
  
CHAPTER VI: GENERAL DISCUSSION 
Summary of Experimental Findings 
Differences in Wave V Amplitude and Latency to Chirp Stimuli versus Click and Tonal 
Stimuli in Neonates 
In Experiment 1, it was hypothesized that ABR amplitudes would be larger to chirp 
stimuli than to traditional click and tonal stimuli in newborns and that latency differences would 
exist between the two stimuli. By manipulating stimulus parameters such as intensity, rate, 
polarity, and number of stimulus presentations, it was indeed shown that the broadband CE-
Chirp generates larger amplitude ABRs than the click, regardless of intensity, rate, and polarity. 
Furthermore, ABR wave V was evoked in 100% of participants with only 464 sweeps, as 
opposed to 1856 sweeps required for the click. 
As hypothesized, the trend in latency differences in neonates was similar to the trend that 
has previously been seen in adults (Cebulla et al., 2014; Kristensen & Elberling, 2012). An 
interaction between stimulus and intensity existed, such that wave V latencies were similar for 
the CE-Chirp and click for higher intensities, and latencies were longer to the CE-Chirp than the 
click at lower intensities. This experiment also demonstrated that ABR amplitude is significantly 
larger (p < .05) for the CE-Chirp than the click at both slow and fast rates.  
The results of Experiment 1 showed no statistically significant (p > .05) amplitude or 
latency differences as a function of polarity with the CE-Chirp. However, similar to the adult 
findings of Petoe et al. (2010a), the current study found diminished presence of waves I and III 
in neonates when using the CE-Chirp, especially with alternating polarity. Researchers have 
suggested that the reduced morphology of early waveform components with the CE-Chirp is 
related to the temporal structure of the chirp (Kristensen & Elberling, 2012; Petoe et al., 2010). 
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The longer duration of the CE-Chirp in conjunction with variation in individuals’ traveling wave 
delays may result in phase distortion that affects neural firing and diminishes waves I and III 
(Elberling et al., 2010; Petoe et al., 2010a). 
In the analysis of CE-Chirp octave bands versus traditional tone bursts, it was found that 
wave V was larger to octave bands than tone bursts at 1000, 2000, and 4000 Hz but not at 500 
Hz. Additionally, the amplitude differences at 4000 Hz were only statistically significant (p < 
.05) at 45 and 30 dB nHL. These findings did not fully support the hypothesis of Experiment 1. It 
appears that the amplitude advantage seen with octave bands as is not as pervasive across 
frequencies as the advantage seen with the broadband CE-Chirp. It was concluded that because 
the difference in spectral width between octave bands and tone bursts is greater at 1000 and 2000 
Hz than at 500 and 4000 Hz, octave band stimuli excite more nerve fibers at 1000 and 2000 Hz, 
which creates larger wave V amplitudes. On the other hand, the slightly narrower spectra, 
especially at 500 Hz, activate a smaller region of neurons, thus resulting in amplitudes more 
similar to those of the tone bursts. 
Overall, the findings of Experiment 1 suggest that the CE-Chirp produces larger ABRs 
than the click, regardless of stimulus parameters. However, this amplitude advantage does not 
fully translate with the CE-Chirp octave bands, most likely due to the spectral composition of the 
stimuli. The clinic utility of these findings is discussed below in “Clinical Implications.”  
Test-Retest Reliability to CE-Chirps in Neonates 
This is the first report of reliability of ABRs to CE-Chirp stimuli in newborns. 
Statistically significant correlations were found between measures of both ABR wave V latencies 
and amplitudes to air- and bone-conducted CE-Chirps between two testers. Mean and median 
differences between testers for both wave V latency and amplitude were near zero for all 
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condition tested, with most inter-tester differences for amplitude being only about 0.2 µV and 
about 0.4 ms for latency These findings suggest that CE-Chirps can be utilized to reliably record 
ABRs in newborns across different testers. Yang et al. (1993b) demonstrated similar findings for 
click stimuli in infants using the same method of bone-conducted stimulus delivery as employed 
in this study. 
The stimulus conditions in Experiment 2 are similar to those used in both screening and 
diagnostic assessments of newborns. Newborn hearing screenings are typically performed using 
air-conducted clicks at 30-35 dB nHL with a relatively fast rate of stimulus presentation. The 
results found in this study suggest that ABRs can be reliably evoked with low intensity 30 dB 
nHL CE-Chirp and a fast rate of 57.7/s, similar to the current parameters of newborn hearing 
screenings. Additionally, ABRs were reliably recorded with both air- and bone-conducted CE-
Chirp signals using parameters often employed for differential diagnosis of conductive and 
sensorineural hearing loss in infants. 
Due to the excellent test-retest reliability demonstrated in this study and the potential for 
shorter test time, it is likely that the CE-Chirp will become an equal or superior tool for assessing 
hearing in newborns, when compared to the traditional click stimulus. These implications are 
discussed in more detail below. 
Comparison of ABR Amplitude, Latency, and Threshold to Chirp Stimuli in Newborns 
versus Young Adults 
The hypothesis of the third experiment was that adults would exhibit larger wave V 
amplitudes and earlier wave V latencies than neonates for all air-conduction conditions. For 
bone-conduction, however, it was hypothesized that infants would exhibit similar latencies as 
adults due to enhanced sound transmission from newborns’ unfused skull bones. Similar to 
  304 
Experiment 1, the third experiment was completed by manipulating stimulus parameters, such as 
intensity, rate, polarity, and frequency using only chirp stimuli. As expected, ABR wave V 
amplitudes were larger for adults than neonates for all tested conditions, and wave V latencies 
were shorter for adults than neonates for all air-conducted conditions. Latency differences to 
bone-conducted ABRs were only seen at 45 dB nHL, in which adults had longer wave V 
latencies than newborns. Two possible explanations for this transducer effect are: 1) Newborns’ 
unfused skull bones enhance the transmission of the auditory signal to the temporal bone, as 
opposed to fused adult skull bones which may disseminate the signal to surrounding bones and 
2) The external and/or middle ears in newborns may contain vernix, debris, and/or fluid, which 
could dampen the air-conducted auditory signal relative to the direct bone-conducted signal. 
Likewise, Experiment 4 revealed interesting age- and transducer related effects on ABR 
threshold using the CE-Chirp. Neonates were found to have statistically significant lower mean 
ABR thresholds for bone conduction than adults, but no threshold differences were seen for air-
conduction. These results are in agreement with the findings of Stuart et al. (1993), who used the 
traditional click stimulus. Again, the enhanced transmission of the neonate skull bones is 
believed to be the cause of this age-related transducer effect. Although neonates were collapsed 
into one group for Experiment 4, it should be noted that Stuart et al. (1994) reported post-partum 
age-related differences for ABR thresholds. In their study, neonates 48-96 hours of age had 
lower ABR thresholds to air-conducted clicks than infants less than 48 hours of age. No group 
difference was seen for ABR to bone-conducted stimuli, which suggests that residual fluid and 
debris along the air-conduction pathway may impact ABR results for newborns less than two 
days old. The mean age for the infants included in Experiment 4 was 46 hours.  
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The mean adult ABR thresholds reported in this study (M = 9.50 dB nHL) are similar to 
those reported by Maloff and Hood (2014) who also examined ABR thresholds in normal-
hearing adults using a chirp (M = 11.88 dB nHL). The minor difference between the means may 
be attributed to the 5 dB step size used in the current study versus the 10 dB step size used by 
Maloff and Hood. 
Overall, the vast age-related differences in ABR amplitude and latency seen in 
Experiments 3 and 4 emphasize the need for age-based normative data for the CE-Chirp and 
octave band stimuli. The findings also suggest great clinical utility of the CE-Chirp for 
estimating hearing sensitivity in both newborns and adults. 
Clinical Implications 
The findings of this series of experiments provide additional support to the notion that 
chirp stimuli create more synchronous neural firing, resulting in larger amplitudes of wave V.  
This study also provides one of the first in-depth investigations comparing click- and chirp-
evoked ABRs in newborns. It was proven that the CE-Chirp and octave bands can be reliably 
record ABRs using high and low intensities, slow and fast rates, and condensation and 
rarefaction polarities. ABR evoked by the CE-Chirp exhibited larger amplitudes than to the 
traditional click, regardless of stimulus parameters. In regard to frequency-specific ABR testing, 
CE-Chirp octave bands demonstrate an amplitude advantage for the majority of frequencies that 
were examined. These findings suggest that the CE-Chirp and octave bands may become a 
superior tool for assessing auditory sensitivity in both neonates and adults.  
As mentioned above, this study and others (Elberling et al., 2010; Kristensen & 
Elberling, 2012; Petoe et al., 2010) have found reduced presence of waves I and III with chirp 
stimuli, likely due to the upward spread of excitation at high intensities. Thus, it is important for 
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clinicians to remember that earlier waveform components may be reduced or diminished when 
using the CE-Chirp, especially with alternating polarity. Additionally, due to the temporal 
structure of the CE-Chirp, latency differences exist as a function of certain stimulus parameters, 
such as intensity, rate, and frequency. Initially, clinicians may find it useful to have the click 
stimulus available for comparison during their initial testing with the chirp. 
In regard to determining ABR thresholds with chirp stimuli, Stangl et al. (2013) and 
Maloff and Hood (2014) concluded that thresholds obtained using chirp stimuli approximate 
behavioral thresholds more closely than the click. Both studies reported that thresholds were 
lower for chirps than clicks, although these differences were not statistically significant (p > .05). 
Maloff and Hood also reported that the chirp-evoked ABR thresholds were closer to behavioral 
hearing thresholds than click-evoked thresholds for normal-hearing individuals, individuals with 
mild to moderate sensorineural hearing loss, and individuals with mild sloping to severe 
sensorineural hearing loss. Additionally, Stangl et al. (2013) showed that CE-Chirp octave band 
thresholds were lower than tone burst thresholds. These two studies coupled with the findings of 
Experiment 4 demonstrate that ABR amplitudes are much larger for chirp stimuli than traditional 
stimuli, even down to threshold levels. The ability to obtain objective responses that are closer to 
behavioral thresholds would allow audiologists to predict hearing sensitivity with a much smaller 
range than is currently used. This would be especially beneficial in infants with hearing loss, 
who may not be able to provide behavioral thresholds until at least six months of age. 
One of the most important clinical implications of this series of experiments was seen 
with the manipulation of stimulus presentations. Wave V was detected in 100% of participants 
with only 464 sweeps using the CE-Chirp. When using the click, however, 1856 sweeps were 
required to detect wave V in 100% of participants. This finding suggests that ABR testing on 
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newborns can be performed in a quarter of the amount of time it currently takes to test using a 
click. Cebulla and Shehata-Dieler (2013) similarly reported that the median test time required for 
screening hearing in newborns with the CE-Chirp was only 28 seconds. Using the CE-Chirp to 
drastically reduce test time for newborn hearing screenings could allow clinicians to screen more 
newborns each day, provide additional time for other clinical activities, and offer shorter 
interruptions for newborns and their families.  
Future Research Directions 
The results of the current investigations support the notion that chirp stimuli have great 
clinical utility in terms of newborn hearing screening, neuro-diagnostic assessments, and 
auditory threshold evaluation. However, all of the neonate and adults participants who were 
tested for this series of experiments were confirmed to have normal hearing. Although the 
findings of this study suggest that the chirp stimuli provide many advantages for assessing 
auditory function in normal-hearing individuals, additional research is required to confirm the 
usefulness of chirp stimuli in assessing auditory function in individuals with hearing loss. 
Click-evoked ABRs have been found to have sensitivity and specificity of greater than 
90% (Jacobson, Jacobson, & Spahr, 1990). Recent research has evaluated the sensitivity and 
specificity of chirp-evoked ABRs (Cebulla & Shehata-Dieler, 2012; Cebulla et al., 2014b). The 
authors reported that the MB11 BERAphone hearing screener had a sensitivity of 100% and 
specificity of 97.9% when using the CE-Chirp. These findings suggest that the CE-Chirp may 
exceed the capabilities of the click in terms of differentiating between normal-hearing and 
hearing-impaired infants. It has been suggested that the CE-Chirp may be comparable to the 
Stacked ABR in terms of detecting small acoustic neuromas (Don et al., 2009; Elberling & Don, 
2008), but additional research is required to fully determine whether this is true. 
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It will also be useful to develop normative data for chirp-evoked ABRs in adults and 
children with hearing loss. Recently, Maloff and Hood (2014) were able to show that chirp-
evoked ABR thresholds were closer to behavioral thresholds than the click in adults with mild to 
severe sensorineural hearing loss. This research must also be applied to infants and children with 
hearing loss. A long-term study of infants and children is needed to determine how chirp-evoked 
ABR thresholds compare to behavioral thresholds in pediatric populations. Future research 
should also be aimed at investigating the amplitude advantages of octave band stimuli over tone 
bursts since frequency-specific stimuli are vital in ABR testing for threshold estimation. The 
findings of long-term pediatric studies could provide clinicians with the ability to more closely 
estimate behavior thresholds and deliver more accurate amplification to pediatric populations. 
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East Carolina University 
 
Informed Consent to Participate in Research 
Information to consider before taking part in research that has no 
more than minimal risk. 
Title of Research Study: Auditory Brainstem Response to Chirp Stimuli in Newborns and 
Young Adults 
Principal Investigator: Andrew Stuart, Ph.D., CCC-A, Aud(C) 
Institution/Department or Division: Department of Communication Sciences & Disorders, 
College of Allied Health Sciences, East Carolina University 
Address: Mail Stop 668, East Carolina University, Greenville, NC 27858-4353 
Telephone #: 252-744-6095  
 
Researchers at East Carolina University (ECU) the Vidant Medical Center study diseases, health 
problems, environmental problems, behavior problems and the human condition. Our goal is to 
try to find better ways to improve the lives of you and others. To do this, we need the help of 
people who are willing to take part in research. 
 
The person who is in charge of this research is called the Principal Investigator. The Principal 
Investigator may have other research staff members who will perform some of the procedures.   
 
The person explaining the research to you may be someone other than the Principal Investigator. 
Ms. Kensi Cobb, B.S., a doctoral student in the Department of Communication Sciences & 
Disorders, College of Allied Health Sciences, East Carolina University, may be asking you to 
take part in this study.   
 
You may have questions that this form does not answer. If you do have questions, feel free to ask 
the person explaining the study, as you go along. You may have questions later and you should 
ask those questions, as you think of them. There is no time limit for asking about this research. 
 
Your child does not have to take part in this research. Take your time and think about the 
information that is provided. If you want, have a friend or family member go over this form with 
you before you decide. It is up to you. If you choose to have your child in the study, then you 
should sign the form when you are comfortable that you understand the information provided 
below. If you do not want your child to take part in the study, you should not sign this form. That 
decision is yours and it is okay to decide not to volunteer. 
 
This form explains why this research is being done, what will happen during the research, and 
what you will need to do if you decide to volunteer to take part in this research.  
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Why is this research being done? 
The purpose of this research study is to test healthy well-baby neonates’ and normal young 
adults’ hearing nerve and brains response to a novel sound. We hope that this study will improve 
our ability to evaluate hearing, particularly in newborns. We are asking for your child to take part 
in this research. However, the decision is yours to make.  By doing this research, we hope to 
learn if we can improve and reduce testing time while evaluating hearing. 
 
Why am I being invited to take part in this research? 
You are being invited to take part in this research because your child is a healthy well-baby 
newborn. If you volunteer for your child to take part in this study, you will be one of about 100 
people to do so. 
 
Are there reasons my child should not take part in this research?  
I understand I should not volunteer my child for this study if my child has been referred 
following his/her newborn hearing screening which is conducted on all infants born at Vidant 
Medical Center. 
 
What other choices do I have if my child does not take part in this research? 
You have the choice of your child not taking part in this research study. 
 
Where is the research going to take place and how long will it last? 
The research procedures will be conducted in the birthmother’s room at Vidant Medical Center 
for newborn participants. Your healthy well-baby newborn will be seen once during this portion 
study. The total amount of time you will be asked to volunteer for this portion of the study is 
approximately 15-20 minutes for well-baby neonates. 
 
What will my child do during the study? 
All participants will receive an “auditory brainstem response” test. This is a standard clinical test. 
For this part of this study, three small surface electrodes or wires will be placed on the head. This 
does not require the insertion of any needle electrodes and is completely safe for your child. The 
skin will be cleaned at the site the electrodes will be placed. Healthy well-baby newborns will be 
tested in natural sleep in the parent’s arms or in a bassinette or crib. While listening to the sounds 
presented in the earphone, electrical activity or “brain waves” at the electrodes on your child’s 
head will be recorded. This procedure will take approximately 15-20 minutes. All sounds 
employed in this experiment will be presented at a comfortable listening level. 
 
What possible harms or discomforts might my child experience if he/she takes part in the 
research? 
Although it is impossible to predict all possible risks or discomforts that volunteer participants 
may experience in any research study, we anticipate no more than minimal risk or discomforts 
will occur in the present project as standard clinical procedures are employed. Participants will 
not be exposed to excessive sound levels.  Any risk that may be encountered would be related to 
mild skin irritation from skin cleansing prior to placement of the electrodes.  This is usually very 
mild and goes away shortly. 
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What are the possible benefits my child may experience from taking part in this research? 
All participants will receive a free clinical hearing evaluation during the test session. 
Additionally, willingness to participate in this research helps East Carolina University 
researchers and other scientists increase their current knowledge of auditory functions in normal 
hearing listeners and lead to the development of new clinical procedures that will help patients in 
the future. 
 
Will I be paid for taking part in this research? 
We will not pay you or your child for the time you volunteer while being in this study.  
 
What will it cost me to take part in this research?  
It will not cost you any money to be part of the research. 
 
Who will know that my child took part in this research and learn personal information 
about him/her? 
To do this research, ECU and the people and organizations listed below may know that your child 
took part in this research and may see information about your child that is normally kept private. 
With your permission, these people may use your child’s private information to do this research: 
• Primary Investigator and other members of the research team. 
• Any agency of the federal, state, or local government that regulates human research. This 
includes the Department of Health and Human Services (DHHS), the Food and Drug 
Administration (FDA), the North Carolina Department of Health, and the Office for Human 
Research Protections 
• The University & Medical Center Institutional Review Board (UMCIRB) and its staff, who 
have responsibility for overseeing your welfare during this research, and other ECU staff 
who oversee this research. 
 
How will you keep the information you collect about my child secure?  How long will you 
keep it? 
All records related to the study will remain confidential. Participants’ names will not be used to 
identify information or results in scientific presentations or publications. Participants’ data will be 
coded to conceal their identity. Confidentiality will be maintained by assigning each participant a 
number. Only the investigators will have access to the data. A computer file of the data will be 
maintained on the primary investigator's computer without participants’ identity. Participants’ 
identity will be maintained for six years after which any identifying information will be destroyed. 
Hardcopies will be shredded. 
 
What if I decide I do not want to continue in this research? 
If you decide you no longer want your child to be in this research after it has already started, 
your child may stop at any time. You and your child will not be penalized or criticized for 
stopping.  Your child will not lose any benefits that he/she should normally receive.  
 
Who should I contact if I have questions? 
The people conducting this study will be available to answer any questions concerning this 
research, now or in the future. You may contact the Dr. Andrew Stuart, Principal Investigator, at 
252-744-6095 (Monday-Friday, between 9:00 AM -5:00 PM) 
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If you have questions about your or your child’s rights as someone taking part in research, you 
may call the Office for Human Research Integrity (OHRI) at phone number 252-744-2914 (days, 
8:00 am-5:00 pm). If you would like to report a complaint or concern about this research study, 
you may call the Director of the OHRI, at 252-744-1971. 
 
 
Is there anything else I should know? 
To the best of our knowledge there is nothing else that you should be made aware of. 
 
I have decided I want to enroll my child.  What should I do now? 
The person obtaining informed consent will ask you to read the following and if you agree, you 
should sign this form:  
 
• I have read (or had read to me) all of the above information.  
• I have had an opportunity to ask questions about things in this research I did not 
understand and have received satisfactory answers.  
• I understand that I can stop taking part in this study at any time.  
• By signing this informed consent form, I am not giving up any of my rights.  
• I have been given a copy of this consent document, and it is mine to keep.  
 
 
              
Participant's Name (PRINT)   Signature     Date  
 
Person Obtaining Informed Consent: I have conducted the initial informed consent process. I 
have orally reviewed the contents of the consent document with the person who has signed 
above, and answered all of the person’s questions about the research. 
 
 
              
Person Obtaining Consent (PRINT)   Signature     Date  
 
 
 Andrew Stuart, Ph.D., CCC-A, Aud(C)        
Principal Investigator  (PRINT)   Signature    Date  
 
 
  
APPENDIX D: NEWBORN PARTICIPANT INTAKE FORM 
Auditory Brainstem Response to Chirp Stimuli in Newborns and Young Adults 
Subject ID:       
DOB:        
Time of birth:       
Gestational age: ______________________ 
Birth weight:       
Race: ____________  Test Ear: _________ 
 
Gender:       
Date Hearing Screening Passed: _________ 
 Right: ______  Left: _______ 
APGAR:       
Delivery: ___________________________ 
Date/Time of Test: ____________________
  
APPENDIX E: INFORMED CONSENT FOR YOUNG ADULT PARTICIPANTS 
 
East Carolina University 
 
Informed Consent to Participate in Research 
Information to consider before taking part in research that has no 
more than minimal risk. 
Title of Research Study: Auditory Brainstem Response to Chirp Stimuli in Newborns and 
Young Adults  
Principal Investigator: Andrew Stuart, Ph.D., CCC-A, Aud(C) 
Institution/Department or Division: Department of Communication Sciences & Disorders, 
College of Allied Health Sciences, East Carolina University 
Address: Mail Stop 668, East Carolina University, Greenville, NC 27858-4353 
Telephone #: 252-744-6095  
 
Researchers at East Carolina University (ECU) the Vidant Medical Center study diseases, health 
problems, environmental problems, behavior problems and the human condition. Our goal is to 
try to find better ways to improve the lives of you and others. To do this, we need the help of 
people who are willing to take part in research. 
 
The person who is in charge of this research is called the Principal Investigator. The Principal 
Investigator may have other research staff members who will perform some of the procedures.   
 
The person explaining the research to you may be someone other than the Principal Investigator. 
Ms. Kensi Cobb, B.S., a doctoral student in the Department of Communication Sciences & 
Disorders, College of Allied Health Sciences, East Carolina University, may be asking you to 
take part in this study.   
 
You may have questions that this form does not answer. If you do have questions, feel free to ask 
the person explaining the study, as you go along. You may have questions later and you should 
ask those questions, as you think of them. There is no time limit for asking about this research. 
 
You do not have to take part in this research. Take your time and think about the information that 
is provided. If you want, have a friend or family member go over this form with you before you 
decide. It is up to you. If you choose to be in the study, then you should sign the form when you 
are comfortable that you understand the information provided below. If you do not want to take 
part in the study, you should not sign this form. That decision is yours and it is okay to decide 
not to volunteer. 
 
This form explains why this research is being done, what will happen during the research, and 
what you will need to do if you decide to volunteer to take part in this research.  
 
Why is this research being done? 
The purpose of this research study is to test healthy well-baby neonates’ and normal young 
adults’ hearing nerve and brains response to a novel sound. We hope that this study will improve 
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our ability to evaluate hearing, particularly in newborns. We are asking you to take part in this 
research. However, the decision is yours to make.  By doing this research, we hope to learn if we 
can improve and reduce testing time while evaluating hearing. 
 
Why am I being invited to take part in this research? 
You are being invited to take part in this research because you are a healthy young adult. If you 
volunteer to take part in this study, you will be one of about 100 people to do so. 
 
Are there reasons I should not take part in this research?  
I understand I should not volunteer for this study if I do not have normal hearing or am under 18 
years of age. 
 
What other choices do I have if I do not take part in this research? 
You have the choice of not taking part in this research study. 
 
Where is the research going to take place and how long will it last? 
The research procedures will be conducted in the Department of Communication Sciences and 
Disorders, College of Allied Health Sciences, East Carolina University, Greenville, NC. You 
will need to come to room 2310H once during the study. The total amount of time you will be 
asked to volunteer for this study is approximately 30-60 minutes.  
 
What will I be asked to do? 
You are being asked to do the following: you will first receive a standard clinical audiometric 
hearing evaluation including tests called otoscopy, tympanometry, and audiometry (pure tone 
testing). Otoscopy is a visual examination of the ear canal and eardrum using an otoscope (i.e., a 
hand-held light). Tympanometry consists of placing a small soft rubber-tipped “probe” in the 
entrance of your ear canal and changing the air pressure to see how the eardrum moves. 
Audiometry requires you to listen to soft sounds and indicate that you heard by either raising 
your hand or pushing a button. This series of tests will let us know if you have normal hearing 
and middle ear function. 
 
All participants will receive an “auditory brainstem response” test. This is a standard clinical test. 
For this part of this study, three small surface electrodes or wires will be placed on the head. This 
does not require the insertion of any needle electrodes and is completely safe for you. The skin 
will be cleaned at the site the electrodes will be placed. Adults will be asked to sit in a reclining 
chair and listen quietly to a series of sounds presented to one ear through small earphone. While 
listening to the sounds presented in the earphone, electrical activity or “brain waves” at the 
electrodes on your head will be recorded. This procedure will take approximately 30-60 minutes. 
All sounds employed in this experiment will be presented at a comfortable listening level. 
 
What possible harms or discomforts might I experience if I take part in the research? 
Although it is impossible to predict all possible risks or discomforts that volunteer participants 
may experience in any research study, we anticipate no more than minimal risk or discomforts 
will occur in the present project as standard clinical procedures are employed. Participants will 
not be exposed to excessive sound levels.  Any risk that may be encountered would be related to 
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mild skin irritation from skin cleansing prior to placement of the electrodes.  This is usually very 
mild and goes away shortly. 
 
What are the possible benefits I may experience from taking part in this research? 
All participants will receive a free clinical hearing evaluation during the test session. 
Additionally, willingness to participate in this research helps East Carolina University 
researchers and other scientists increase their current knowledge of auditory functions in normal 
hearing listeners and lead to the development of new clinical procedures that will help patients in 
the future. 
 
Will I be paid for taking part in this research? 
You will be compensated for the time you volunteer in this study with a $25 Target gift card. 
 
What will it cost me to take part in this research?  
It will not cost you any money to be part of the research. 
 
Who will know that I took part in this research and learn personal information about me? 
To do this research, ECU and the people and organizations listed below may know that you took 
part in this research and may see information about you that is normally kept private. With your 
permission, these people may use your private information to do this research: 
• Primary Investigator and other members of the research team. 
• Any agency of the federal, state, or local government that regulates human research. This 
includes the Department of Health and Human Services (DHHS), the Food and Drug 
Administration (FDA), the North Carolina Department of Health, and the Office for Human 
Research Protections 
• The University & Medical Center Institutional Review Board (UMCIRB) and its staff, who 
have responsibility for overseeing your welfare during this research, and other ECU staff 
who oversee this research. 
 
How will you keep the information you collect about me secure?  How long will you keep 
it? 
All records related to the study will remain confidential. Participants’ names will not be used to 
identify information or results in scientific presentations or publications. Participants’ data will be 
coded to conceal their identity. Confidentiality will be maintained by assigning each participant a 
number. Only the investigators will have access to the data. A computer file of the data will be 
maintained on the primary investigator's computer without participants’ identity. Participants’ 
identity will be maintained for six years after which any identifying information will be destroyed. 
Hardcopies will be shredded. 
 
What if I decide I do not want to continue in this research? 
If you decide you no longer want to be in this research after it has already started, you may stop 
at any time.  You will not be penalized or criticized for stopping.  You will not lose any benefits 
that you should normally receive.  
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Who should I contact if I have questions? 
The people conducting this study will be available to answer any questions concerning this 
research, now or in the future. You may contact the Dr. Andrew Stuart, Principal Investigator, at 
252-744-6095 (Monday-Friday, between 9:00 AM -5:00 PM) 
 
If you have questions about your rights as someone taking part in research, you may call the 
Office for Human Research Integrity (OHRI) at phone number 252-744-2914 (days, 8:00 am-
5:00 pm). If you would like to report a complaint or concern about this research study, you may 
call the Director of the OHRI, at 252-744-1971. 
 
Is there anything else I should know? 
To the best of our knowledge there is nothing else that you should be made aware of. 
 
I have decided I want to take part in this research.  What should I do now? 
The person obtaining informed consent will ask you to read the following and if you agree, you 
should sign this form:  
 
• I have read (or had read to me) all of the above information.  
• I have had an opportunity to ask questions about things in this research I did not 
understand and have received satisfactory answers.  
• I understand that I can stop taking part in this study at any time.  
• By signing this informed consent form, I am not giving up any of my rights.  
• I have been given a copy of this consent document, and it is mine to keep.  
 
 
              
Participant's Name (PRINT)   Signature     Date  
 
Person Obtaining Informed Consent: I have conducted the initial informed consent process. I 
have orally reviewed the contents of the consent document with the person who has signed 
above, and answered all of the person’s questions about the research. 
 
 
              
Person Obtaining Consent (PRINT)   Signature     Date  
 
 
 Andrew Stuart, Ph.D., CCC-A, Aud(C)        
Principal Investigator  (PRINT)   Signature    Date  
 
  
APPENDIX F: ADULT PARTICIPANT INTAKE FORM  
Auditory Brainstem Response to Chirp Stimuli in Newborns and Young Adults 
Name:        
Subject ID:      
Date:        
DOB:        
Gender:       
Medications:       
 Audiometric Threshold 
 Frequency (Hz) 
Ear 250 500 1000 2000 3000 4000 6000 8000 
Right         
Left         
 
 Tympanometry 
Ear Ytm TW TPP Vea 
Right     
Left     
  
APPENDIX G: UNIVERSITY & MEDICAL CENTER INSTITUTIONAL REVIEW BOARD 
CLOSURE FORM 
 
